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Water quality degradation due to noxious heavy metals has become a serious concern because of its impact on human health and the ecosystem. In this study, cellulose nanocrystal (CNC) derived from sawdust as a green renewable and sustainable resource was functionalized and used as adsorption media to remove pentavalent vanadium (V) from aqueous solution. The physicochemical properties of the adsorbent were studied using various characterization techniques such as Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy (SEM), and X-ray diffraction (XRD). The performance of the functionalized CNC adsorbent was explored as a function of solution pH, temperature, adsorbent mass, time, and initial concentration in batch adsorption. XRD results confirmed the crystalline nature of the CNC, which was more pronounced upon modification. The SEM micrograph revealed rough surface and high porosity, which suggested that the CNC possessed prerequisite properties of a good adsorbent. From the FTIR spectra results, the interaction between anionic vanadium species and functionalized CNC was confirmed by the reduction in wavelength of carboxylic groups (–COOH) of the CNC. Meanwhile, from the adsorption results, V removal efficiency was found to be affected by solution pH, temperature, adsorbent mass, and initial concentration. The Langmuir maximum adsorption capacity was 37.9–47.2 mg/g in the temperature range studied. In evaluating the reusability of the CNC through adsorption–desorption studies, results confirmed that the functionalized CNC could be used more than once with about 20% reduction in adsorption of V in each adsorption–desorption cycle. So far, there are indications that modified CNC may be an alternative adsorption media for V.
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INTRODUCTION

Mining and metallurgical industries are the largest contributors to South Africa's economy but are at the same time the major contributors to water pollution crisis (Roy et al., 2019). These industries release large quantities of untreated (waste) water containing high level of heavy metal pollutants. In particular, toxic metals such as mercury, chromium, copper, zinc, lead, and vanadium have been found in waste streams (Parmar and Thakur, 2013). Among these metals, vanadium has been recognized as one of the most dangerous pollutants in the same class with mercury, lead, and arsenic (Hegazi, 2013). Prolonged exposure to high levels of vanadium is known to cause damage to the human respiratory organ and can also increase the risk of cancer related to lungs (Li et al., 2019). Vanadium is not biodegradable (Carolin et al., 2017); therefore, contaminated effluents need to be treated using robust techniques that ensure either its complete removal or reduction to acceptable levels that comply with environmental regulatory laws.

Various treatment techniques have been explored in vanadium (V) removal from contaminated effluents. These include chemical precipitation, ion exchange, chemical oxidation, reverse osmosis, ultrafiltration, electrodialysis, and adsorption (Montaña et al., 2013; Mulas et al., 2017). These techniques have inherent negative features such as high operation cost, the requirement of highly skilled personnel to operate, slow kinetics, incomplete removal of the metal ions and creation of hazardous metal-containing sludge which are difficult to treat (Quesada et al., 2019). These challenges hinder their wide application, especially in less developed countries. Proponents of adsorption technology in water treatment argue that the technology is robust, low cost if appropriate adsorbents are used, and associated with low environmental footprint when the adsorbents are reused multiple times before disposal. Consequently, several studies have reported the use of adsorption technology in V removal (Burakov et al., 2018). In the algorithm of adsorption process development, one of the starting points is the selection of an appropriate adsorbent. In this regard, a good adsorbent should have several features such as high affinity for the target pollutant, availability (abundance), fast kinetics, high selectivity, low cost per unit of polluted water treated, and renewable (Al-ghouti and Da'ana, 2020). In respect to these properties, various researchers have studied the performance of activated carbons, zeolites, clays silica gel, metal oxides, and biosorbent in vanadium removal (Barakat, 2011; Ince and Ince, 2017). Most of these materials do not provide high capacity for vanadium uptake and therefore would require large fixed beds.

The forestry, timber, pulp, and paper (FTPP) industries produce a lot of cellulosic waste materials that pose disposal problems. The use of these wastes as adsorbents can significantly contribute to environmental protection and reduce the cost of water treatment (Putro et al., 2017). Recently, nanoscale solid materials derived from these wastes have dramatically received tremendous attention because of their attractive advantages including eco-friendliness, cost-effectiveness, high efficiency, reusability, and possibility of metal recovery (Mahfoudhi and Boufi, 2017). Out of the variants of nanoscale cellulosic materials, cellulose nanocrystals (CNC) have large specific surface area with hydroxyl and anionic sulfate ester groups, which make the CNC a perfect substrate for preparing composites for adsorption of heavy metals from water and wastewater (Abdullah et al., 2013; Kumar et al., 2017).

Vanadium exists in an aqueous environment as an oxyanion, which is negatively charged. The charge on the CNC structure is also negative (Jiang et al., 2020). Consequently, CNC in its pristine form cannot be efficient for vanadium removal. The CNC matrix must, therefore, be re-engineered to make it suitable for adsorption of vanadium. Cationic surfactants are considered to be the most prominent materials for the enhancement of the adsorption capacity of adsorbents via functionalization (Hokkanen et al., 2016). So far, hexadecyltrimethylammonium bromide (HDTMA-Br) has been the most utilized surfactant for surface modification of CNC due to its ability to enhance the surface affinity of the CNC (Kaboorani and Riedl, 2015; Lizundia et al., 2016). To date, there is limited information available on the application of functionalized CNC derived from sawdust as an adsorbent for the removal of vanadium ions from water. Therefore, it is worthwhile to design a simple modification route to synthesize functionalized CNC adsorbent with tailored properties, while preserving their original morphology and maintaining the integrity and strength of the crystal.

This study presents the development of a simple route for cationic surfactant functionalization of CNC as an adsorbent for remediation of V pollutant from water. Upon functionalization, the adsorption media was characterized to obtain important features of the adsorption media and insights into V adsorption mechanism. Thereafter, batch adsorption studies were conducted to determine the adsorption capacity and kinetics characteristics of V. The effects of solution pH, sorbent mass, contact time, initial ion concentration, and temperature were systematically investigated. The equilibrium and kinetics data were interpreted using appropriate models.



MATERIALS AND METHODS

CNC suspension derived from sawdust was supplied by CSIR-Durban (South Africa) and was used as raw material for the preparation of sorption media. HDTMA-Br, ammonium metavanadate (NH4VO3), sodium hydroxide pellets (NaOH), and hydrochloric acid (HCl, 32% concentration) were purchased from Sigma-Aldrich (Germany). De-ionized water produced with the Purite water system (Model Select Analyst HP40, UK) was used to prepare relevant solution concentrations throughout this study. All chemicals used were of analytical grade.


Functionalization of CNC Adsorbent

The procedure for CNC involved a one-pot synthesis route using deionized (DI) water and sulfuric acid, which were subsequently ultra-sonicated to afford CNC suspension (Gibril et al., 2018; Sithole, 2019). The HDTMA-Br solution was prepared separately by mixing 0.73 g of HDTMA-Br powder with 48 ml of DI water and heated at 45°C under magnetic stirring. The modification reaction was initiated by introducing 35.09 g of 2.0% consistency CNC suspension into a 300-ml triple neck round bottom flask. Trials confirmed that about 17 ml of the prepared HDTMA-Br solution was suitable for the modification of the amount of CNC used in synthesis procedure and was added slowly under continuous stirring for 2 h. Thereafter, the suspension was washed with DI water and then centrifuged for 45 min at 40,000 rpm to remove any possible excess of quaternary ammonium salt that could have aggregated on the CNC surface. The functionalized CNC sample was then removed from the centrifuge, filtered, and air-dried for 5 days at room temperature. Finally, the obtained dry cake was crushed into a fine powder and is hereafter referred to as HDTMA-Br functionalized CNC (HDTMA-Br/CNC) adsorbent.



Preparation of Vanadium Synthetic Water

A 1,000 mg/L stock solution of V was prepared by dissolving 2.2960 g of NH4VO3 powder in DI water using a 1-L volumetric flask while heating at ~200°C. The working solution concentrations for batch equilibrium and kinetic experiments were obtained by diluting stock solution to appropriate concentrations.



Characterization of Adsorbent

Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), and scanning electron microscopy (SEM) were used to study different physical and chemical features of the HDTMA-Br/CNC adsorbent. The FTIR spectrometer (Perkin–Elmer Spectrum 100 spectrometer) equipped with an FTIR microscopy accessory, on the attenuated total reflection (ATR) diamond crystal was used to determine the functional groups present on the surface of the adsorbent. All spectra were recorded in the frequency range of 500–4,000 cm−1 with a spectra resolution of 4 cm−1. To ascertain surface morphology of functionalized CNC adsorbent before and after adsorption process, SEM analysis was performed using a JEOL JSM-7500F FE-SEM equipped with an SEM-EDS analyzer running at a 2-kV accelerating voltage. The X-ray powder diffraction pattern was obtained using a Panalytical X'Pert Pro MPD-Ray diffractometer equipped with an X'celerator detector and operated with Ni-filtered Cu Kα radiation (λ = 0.15406 nm) generated at a voltage of 45 kV and a current of 40 mA.



Batch Adsorption Studies

Batch adsorption equilibrium experiments were carried out to determine the efficiency of the developed adsorbent on V removal as a function of variables such as adsorbent mass, initial solution pH, and temperature. Known amounts of the adsorbent were placed in contact with V solutions of known initial concentrations in 100 ml of polyethene (PE) plastic sample bottles. The contact between V solution and the adsorbent was facilitated by agitation in a temperature-controlled thermostatic shaker operated at 160 rpm for 24 h. The solution pH was varied from pH 2 to 8, temperature from 298 to 318 K, and adsorbent mass from 0.025 g to 0.2 g. At the end of each experiment, the samples were centrifuged for 45 min at 40,000 rpm and then filtered using a 0.45-μm syringe filter and were analyzed for residual metal ion concentration using an inductively coupled plasma atomic emission spectrometer (ICP-AES, 9000, Shimadzu, Japan). To determine the adsorption efficiency and uptake of V onto HDTMA-Br/CNC adsorbent, Equations 1 and 2 were used, respectively:
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where qe is the adsorption capacity (mg/g) Co and Ce are the initial and equilibrium concentrations (mg/L) of polluting ion, respectively. V is the volume (L) of the solution and (m) is the weight (g) of the adsorbent.

The kinetic experiments were conducted using a 1-L batch reactor stirred at a speed of 220 rpm. The effect of initial concentration was explored by varying the V initial concentration from 25 to 75 mg/L. The pH and adsorbent mass were fixed in the kinetic experiments. At various time intervals, a known amount of sample was taken and immediately filtered using a syringe filter of 0.45 μm pore size. Thereafter, the filtered samples were analyzed for residual V using an inductively coupled plasma atomic emission spectrometer (ICP-AES, 9000, Shimadzu, Japan). The amount of V adsorbed onto modified-CNC at the time (t) was evaluated using Equation 3:
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where qt is the time-dependent amount of V adsorbed per unit mass of adsorbent and Ct is the concentration of V at any time t. All the adsorption experiments were conducted in duplicate and the average values are reported.



Adsorption–Desorption Studies

The reusability of the adsorbent is an important factor in determining the economic viability of an adsorption process. In this regard, the adsorption–desorption study was conducted to assess the number of cycles the HDTMA-Br/CNC adsorbent would be used before replacement. The adsorption part of the cycle was done as described in adsorption experimental section while desorption of V from the surface of spent adsorbent was investigated using deionized water, NaCl and HCl eluents. As such, the spent adsorbent was dried and dispersed in the different eluents and then the mixtures were placed in a thermostatic bath shaker operated at 160 rpm and 298 K for 24 h. Thereafter, the desorbed solution was analyzed using ICP-AES to determine the amount of V desorbed. The adsorption–desorption procedure was repeated three times, and for each cycle, the percentage desorption efficiency was determined using the following equation:
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RESULTS AND DISCUSSION


FTIR Spectroscopy

FTIR spectroscopy is an important tool for studying the functional groups incorporated onto the surface of an adsorbent and also to confirm the changes after surface modification. The FTIR spectra of raw CNC (unmodified), pure HDTMA-Br, and HDTMA-Br-modified CNC and the material after adsorption of V are shown in Figures 1a–d, respectively. The bands around 2,919 and 2,851 cm−1 in both pure HDTMA-Br and modified CNC are due to the characteristic symmetric and asymmetric C–H stretching vibrations of methyl and methylene groups (Kaboorani and Riedl, 2015). In the spectrum of raw CNC, the peak at 3,850 cm−1 could be ascribed to the O–H stretching vibrations on the surface of CNC. The peak at 1,730 cm−1 is the CO of a carbonyl group and could be attributed to the presence of carboxylic groups responsible for the coordination of metal ions during the adsorption process due to its disappearance in the spectrum of spent adsorbent (Figure 1a). The vibrational frequency at 1,250 cm−1 is due to the asymmetrical S=O vibration, which confirms the presence of a sulfate group present on the surface of pristine CNC. This functional group was formed during acid hydrolysis of CNC by sulfuric acid (Singh et al., 2015). A reduction in the intensity of the O–H band is noticeable upon functionalization (Figure 1c), and this phenomenon could be due to a reduction in the degree of the hydrogen bonding associated with –OH vibrations (Bezerra et al., 2017). A shift in the position of certain peaks after the adsorption of V is also observed, and this could be attributed to the interaction of the CNC with vanadium during the adsorption process.


[image: Figure 1]
FIGURE 1. FTIR spectra of (a) raw CNC (unmodified), (b) HDTMA-Br, (c) HDTMA-Br/modified CNC, and (d) HDTMA-Br/modified CNC after-V adsorption.




Scanning Electron Microscopy

SEM analysis was used to explore the surface or external morphology of CNC adsorbent. Figure 2 shows the SEM images of (a) raw CNC, (b) HDTMA-Br-modified CNC, and (c) HDTMA-Br/CNC after vanadium adsorption, respectively. Figure 2a shows that the raw CNC possessed a high porous surface and also indicates that CNC has high cellulose content with the average particle size between 6 and 36 nm (Nkalane et al., 2019). Figure 2c demonstrates a noticeable coverage of pores by the adsorbed vanadium ions after the adsorption process. Also, EDS analysis (Table 1) reveals a high percentage of carbon, oxygen and other elements corresponding to their binding energies as expected in all nanocellulose materials. As such the pristine CNC possesses mostly carbon (62.91%) and oxygen (33.15%). However, the presence of vanadium confirms the adsorption of V on the surface of modified CNC due to chemical interaction between V ion and modified CNC during the adsorption process.


[image: Figure 2]
FIGURE 2. SEM images of (a) raw CNC (unmodified) and (b) HDTMA-Br/modified CNC (c) HDTMA-Br/modified CNC after-V adsorption.



Table 1. EDS analysis of raw CNC modified CNC before and after adsorption.
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X-Ray Diffraction

The crystallinity analysis of CNC adsorbents (unmodified, modified, and spent modified CNC) is presented in Figure 3. The XRD patterns in these cellulose samples show two major peaks at 15.51° and 22.4° corresponding to the 101 and 002 crystalline planes, respectively, (C60H88O8 and C2H192N64O16), which are assigned to the cellulose 1α and 1β phases (Schwanningerab, 2004). However, this intensity is more pronounced upon modification and after adsorption of V, suggesting an increase in very strong interactions between the HDTMA-Br and cellulose structure. The appearance of other additional phases at 30° is also noticed after modification of CNC, which is further ascribed to the presence of modifiers used in the synthesis of modified CNC (Yin et al., 2018). Overall, the phases identified on CNC used in this study are similar to the reported characteristics of pure cellulose reported in our previous studies (Nkalane et al., 2019).


[image: Figure 3]
FIGURE 3. X-ray diffraction patterns of unmodified, modified, and after V adsorption formed of cellulose nanocrystals.




Effect of Initial Solution pH

The pH of the metal ion solution is a very important variable that affects the degree of ionization and hence the adsorption process (Salehi and Anbia, 2019). Therefore, the effect of the initial solution pH on V uptake onto the surface of the surfactant-modified CNC was investigated in the pH 2–8 range. The results, summarized in Figure 4, show that highest V uptake is achieved at pH 3.0–4.0. This is because of the change in the chemistry of vanadium ion in aqueous solution with a change in pH. Vanadium has been reported to oxidize to its pentavalent anion ([image: image]) at 3 < pH> 5 in aqueous solution. This narrow pH range is the most conductive region for the adsorption of V ion on the positively charged adsorbent surface. Meanwhile, below or above the optimum pH range, lower adsorption values are observed. In a study by Mthombeni et al. (2016) to investigate the effect of solution pH on the adsorption of V, a similar trend was observed, which can be ascribed to the decrease in the removal efficiency at pH 3.0 to the existence of [image: image] ions, which promoted the electrostatic repulsion of the protonated amino groups of the adsorbent. Besides, the decrease in adsorption uptake at increased initial pH might be attributed to the increased OH− concentration on the surface of the adsorbent at high solution pH, which enhanced competitive adsorption with vanadium oxyanions.


[image: Figure 4]
FIGURE 4. Effect of initial pH on V adsorption onto modified CNC adsorbent (initial concentration, 25 mg/L; temperature, 298 K; adsorbent dose, 0.1 g).




Effect of Adsorbent Mass

The effect of modified CNC mass on the V uptake efficiency shows that the percentage of V removed increased with an increase in the adsorbent dosage (Figure 5). This is because at high adsorbent mass, the active sites for V uptake form solution increases (Mojiri et al., 2017). However, metal ion uptake decreases from 23.08 to 3.46 mg/g, with an increase in the dose from 0.025 to 0.3 g. Similar results were reported on the adsorption of V using adsorbent derived from agricultural waste (Kajjumba et al., 2018). Also, the results reveal that at higher sorbent dosage beyond 0.1 g, a slight increase in adsorption efficiency was attained. This is attributed to possible aggregation of particles of the adsorbent at higher dose, causing overlap and overcrowding during the process, and hence resulting in a decrease in accessibility of the available adsorption sites. Hence, in this study, 0.1 g was used for subsequent experiments.


[image: Figure 5]
FIGURE 5. Effect of adsorbent dosage on the removal of V onto modified CNC (initial concentration, 25 mg/L; pH 4.01; temperature, 298 K).




Adsorption Isotherms

The temperature dependence of V adsorption onto modified CNC from simulated water was explored by varying the temperature from 298 to 318 K. The relationship between the amounts of adsorbed ions per unit mass of the CNC adsorbent (qe) and the equilibrium concentration (Ce) of V solution is shown in Figure 6A. It is observed that the adsorption capacity of V increased with an increase in metal ion concentration and temperature of the system, suggesting that the adsorption of V onto modified CNC is endothermic in nature. The enhanced adsorption at higher temperature might be due to the increase in the diffusion rate of metal ions across the external boundary layer and into the internal pores of the adsorbent particles (Ahmad et al., 2015). The data obtained from adsorption equilibrium are used to describe the interaction between adsorbate and adsorbent for effective design of an adsorption process. Subsequently, the experimental data were analyzed using Langmuir, Freundlich, and Temkin models (Table 2). The linear form of the Langmuir, Freundlich, and Temkin adsorption isotherm equations (Onyango et al., 2004; Mthombeni et al., 2016) are given in Equations 5–7, respectively:

[image: image]

[image: image]

[image: image]

where Ce is the equilibrium concentration of the polluting ion (mg/L), qe is the amount of vanadium ions adsorbed on the adsorbent at the equilibrium (mg/g), qm is the maximum adsorption capacity that describes a complete monolayer adsorption (mg/g), kL is the Langmuir isotherm constant (L/mg) related to the free energy of adsorption, kf and N are the Freundlich constants, R is a gas constant 8,314 J/mol·K, and T is the adsorption process temperature in K; AT is the Temkin isotherm equilibrium binding constant (L/g) and bT is constant related to heat of sorption.


[image: Figure 6]
FIGURE 6. Effect of temperature on V adsorption onto modified CNC (A). Adsorption isotherm (B) and equilibrium data fit to Langmuir isotherm model, (C) Freundlich isotherm model, and (D) Temkin isotherm model.



Table 2. Summary of equilibrium isotherms parameters of V sorption onto modified CNC.

[image: Table 2]

The equilibrium isotherm parameters were extracted from the linear plots presented in Figures 6B–D and are summarized in Table 2. Based on the correlation coefficients, only the Langmuir isotherm describes the adsorption process sufficiently well. This may be an indication of adsorption on homogeneous surfaces. The results further show an increase in the Langmuir maximum adsorption capacity (qm) and kLfrom 37.9 to 47.2 mg/g and 0.130 to 0.410 (L/mg), respectively, with an increase in temperature. Compared with other biomaterials summarized in Table 2, the adsorption capacity obtained in this study is quite competitive. In exploring the favorability of the adsorption process using the separation factor (RL), results reveal that the values are within 0 < RL>1 range, indicating that the adsorption of V onto modified CNC was favorable. Overall, the adsorption capacity obtained in this study is highly competitive compared to the performances of some adsorbents reported in the literature with the same operating condition (see Table 3).


Table 3. Comparison of capacity values between modified CNC and different waste-derived adsorbents in V removal.
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Adsorption Kinetics

Adsorption kinetics is useful in determining the rate of adsorption and the mechanism involved in the removal of any contaminant from water. In the present study, the effect of the initial concentration in the range 25–75 mg/L was investigated as a function of contact time (0–280 min), and the results are summarized in Figure 7. The graph presents a two-step process: an initial stage characterized by rapid adsorption as a result of the availability of sufficient binding sites and a second stage in which the rate gradually decreases as equilibrium stage is approached. The later slow adsorption rate is attributed to the electrostatic hindrance caused by already adsorbed vanadium species and the slow pore diffusion of the ions (Mekonnen et al., 2015). The results were interpreted using adsorption kinetic models that give insights into the possible rate-controlling steps and from which preliminary design parameters may be obtained. The kinetic models considered are pseudo-first-order (Equation 7), pseudo-second-order (Equation 8), and Elovich models (Equation 9).
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where qe and qt are the adsorption capacity (mg/g) of solute at equilibrium and at a time t (min), respectively, k1 (min−1) and k2 (g/mg·min) are the rate constants of the pseudo-first-order and pseudo-second-order adsorption, respectively. α is the initial adsorption rate (mg/g·min) and β is the desorption constant (g/mg) related to the extent of surface coverage and activation energy for chemisorption.


[image: Figure 7]
FIGURE 7. (A) Adsorption kinetics for adsorption of V (V) onto modified CNC (HDTMA-Br/CNC) at different concentrations. (B) Pseudo-second-order kinetics model.


The kinetic model parameters and the linear regression values are presented in Table 4. The linear regression values obtained from the pseudo-second-order model are higher compared to the other two models, suggesting that the interaction between the adsorbent and V followed the pseudo-second-order mechanism and that this interaction was chemical in nature, further supporting the FTIR characterization results presented in earlier sections. Also revealed in Table 4 is the increase in experimental adsorption capacity, qe, with an increase in initial concentration. This is due to the higher driving force usually occurring at higher initial concentration of solute that overcomes the resistance of the mass transfer between bulk solution and the solid–liquid interface (Mthombeni et al., 2018). The experimental equilibrium capacities are very close to those determined using the pseudo-second-order model, which further point to the fact that indeed the process followed the pseudo-second-order mechanism.


Table 4. Kinetics parameters of V adsorption onto surfactant modified CNC.
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Desorption Studies

The cyclic adsorption–desorption experiments were performed to evaluate the reusability of modified CNC to assess the economic viability of the adsorption process. Furthermore, reusability is also key to saving the environment from secondary pollution as a result of the disposal of the metal-loaded adsorbent. Three different eluents were investigated during the preliminary studies but only one (NaCl) was found to perform and was therefore chosen for subsequent desorption process. The adsorption–desorption results are presented in Figure 8. Two features are observed. First, both the adsorption and desorption efficiencies decrease in each operation cycle. For example, about 20% reduction in adsorption percentage was observed after the first cycle. Second, in each cycle, the adsorption efficiency is higher than that of desorption. Several reasons could explain the observations. The decrease in adsorption efficiency in each cycle is because not all active sites are released during the desorption step, rendering the adsorbent to lose its activity. Also, the decrease in desorption efficiency in each cycle is a manifestation of the strong bonds formed between the adsorbing vanadium ions and active sites. Moreover, the observations could also be ascribed to the dissolution of CNC and subsequent loss in mass of the adsorbent, which might have affected the mechanisms of interaction between V and the modified CNC active sites (Han et al., 2006). Overall, the adsorption–desorption results suggest that the modified-CNC could be reused more than once. Similar results were reported for the adsorption of cadmium and the reusability of brown seaweed derived cellulosic biosorbent using NaCl as an efficient eluent (Stirk and Staden, 2002).


[image: Figure 8]
FIGURE 8. Adsorption–desorption efficiency of vanadium using 2.0 M NaCl eluents.





CONCLUSION

CNC was successfully modified using HDTMA-Br, and its performance in V removal from water is explored. Characterization results of modified CNC showed dramatic improvement in the surface properties, which resulted in the enhancement of its adsorption capacity. The Langmuir adsorption isotherm model described the experimental data satisfactorily well-compared to other isotherm models. Meanwhile a rapid adsorption rate was observed as a result of availability of sufficient high-affinity binding sites at the initial stages of adsorption. In interpreting the kinetics of adsorbent–adsorbate interaction, a number of kinetic models were tested and results reveal that the pseudo-second-order model gives the best description of the data. Indeed, therefore, the characterization and adsorption results point to the chemisorption nature of V interaction with modified CNC. In performing adsorption–desorption experiments to explore reusability of the adsorbent, it was observed that the media is reusable; however, the activity of the media decreased in each cycle. In general, the study demonstrated that modified CNC could be used as a promising adsorbent for removal of V from water. Further studies are ongoing to explore the applicability of this media in different water matrices.
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