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Abstract

:

Adsorption of cationic dye crystal violet (CV) onto a modified walnut shell (WS) adsorbent was investigated. Combined treatment of WS using urea and sodium dodecylsulfate (SDS) was carried out. Surface modification of adsorbents was confirmed by FTIR analysis, pHpzc measurements, and elemental and SEM-EDX analysis. In order to optimize the adsorption conditions, the effect of solution pH, adsorbent dose and CV concentration was studied by means of central composite face-centered design (CCFD). The highest correlation between experimental and model data was obtained for the pseudo-second-order (PSO) kinetic model, assuming an ion exchange mechanism of adsorption. A satisfactory fit of CV adsorption data was obtained from the Langmuir adsorption isotherm, supporting a single layer adsorption. According to obtained results, modified WS can be considered as a low-cost, efficient and environmentally compatible biosorbent for the removal of cationic pollutants from aqueous solutions.
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1. Introduction


Synthetic dyes are used in order to color the products of different chemical industries, including textiles, leather, paper, paint, cosmetics and plastics. Each year, more than eight thousand tons of dye is consumed by these industries [1]. A considerable amount of polluted wastewater is formed, which creates a serious problem of environmental contamination and has an important influence on human health. This has focused the attention of researchers on how to dispose of wastewater polluted with dyes.



Adsorption is reputed to be an efficient, simple, low-cost, versatile and economically sustainable method which gives satisfying results and has high selectivity [2,3]. Most investigations in this area have been focused on activated carbon, and have shown promising outcomes. The main disadvantages of this material are its high cost and difficulties in regeneration [4]. Thus, the potential of other alternative low-cost, efficient and environmentally safe biosorbents is increasingly becoming an important concern. The ability of various solid agricultural wastes to remove dyes from aqueous solutions has been studied, particularly lignocellulosic materials, such as wheat and rice straw, corn stover, rice husk, sugarcane bagasse, fry kernels and walnut shells. It is important that the process of conversion of plant biomass into a high-value biosorbent should have low energy consumption, and minimal cost and waste generation.



Juglans regia L. or walnut is a valuable tree nut in the family Juglandaceae produced worldwide in the amount of 3.3 million tons per year. In Europe, the largest producers of walnuts are Turkey, Ukraine, Romania and France [5]. Ukraine is an important exporter of walnuts with an export quantity of about 100 ktonnes/year to the European Union and the Middle East. The majority of Ukrainian walnuts are exported shelled, and a large amount of walnut shells are available in walnut kernel production centers. The shell represents 40% of the weight of the fruit and is an abundant and inexpensive agricultural by-product. Only a small percentage of walnut shells are used as fuel, and the rest is waste. Any possible use of this biomass will have a positive impact from the economic, ecological and social points of view. Therefore, the use of WS as an adsorbent for water purification is a very interesting possibility to valorize this low-cost and easily available product. A recent review by Albatrni et al. [6] highlights the performance of WS-based adsorbents for the removal of organic compounds and heavy metal ions from wastewater.



Raw walnut shells mostly consist of cellulose, hemicelluloses and lignin. The functional groups of lignocellulosic biomass that could be potentially involved in the binding of pollutants during the sorption process are hydroxyl (–OH), carbonyl (–C=O) and carboxyl (–COOH) polar groups [7]. Natural WS adsorbents do not exhibit their full potential, showing slow adsorption kinetics and efficiency. An effective way to use this lignocellulosic adsorbent is to increase its binding potential by using chemical modification with alkali and acid treatment, or by the introduction of polar –NH2, –COOH and –OH groups via chemical modification [8]. Alkali and acid methods are characterized by certain disadvantages such as high operational costs and the generation of a huge quantity of liquid wastes which must be regenerated or disposed of [9]. A proper, eco-friendly and efficient alternative method is required to overcome this waste problem.



In this direction, the use of urea for the pretreatment of lignocellulosic biomass appears to be an interesting method for enhancing adsorption efficiency. Urea is known as a non-toxic low-cost industrial product which is widely used as fertilizer. Modification of biosorbents with urea is an environmentally friendly approach, allowing an increase in nitrogen content in the form of amino (–NH2) and amide (–CONH2) groups [10]. The treatment can be realized under microwave radiation without any use of solvent [11], and is followed by washing with hot water in order to remove residual urea. A certain amount of urea-rich aqueous solution is thus produced. However, in contrast to alkali and acid wastewater, urea solutions can be efficiently used and offer several environmental benefits, for example as a clean energy source or as an AdBlue additive for vehicles [12,13].



Urea treatment of lignocellulosic biomass leads to the destruction of the complex three-dimensional polysaccharide structures, an increase in biosorbent surface area, and improved adsorption properties [14]. Few research publications exist on the urea treatment of walnut shells. These studies show that combined urea–acid modification of raw walnut shells is efficient for synthetic dye sorption [15], and carbonized walnut shells N-doped by urea show a very promising results for CO2 [16,17,18], naphthalene [19] and perchloroethylene [20] adsorption.



The amount and charge of functional groups present on the adsorbent surface plays an important role in the surface interaction to enhance the adsorption capacity [21]. In order to increase the number of active sites on lignocellulosic adsorbents with a well-developed surface structure, the surfactant treatment can be applied. Several studies describe the high efficiency of surfactant-treated lignocellulosic biosorbents, including coconut coir [22], barley straw [23], barley husk [24], fallen leaves of almond [25], saw-sedge of Cladium mariscus [21], sawdust [26], cork [27] and peanut shell [28]. However, to our knowledge, no data on the surfactant modification of walnut shells in their native or urea-pretreated state for the application as biosorbents have been identified in the literature. This research is novel in that it studies the efficiency of a combined urea/surfactant treatment on the adsorption properties of walnut shells.



The objective of the present work was to evaluate the effect of urea and/or anionic surfactant modification on the adsorption capacity of walnut shells originating from Ukraine. A model synthetic dye, crystal violet, was used for the adsorption experiments. The obtained biosorbents were characterized using Fourier transform infrared (FT-IR) analysis, pHpzc measurement and elemental and SEM-EDX analysis. The influence of several operating parameters, such as solution pH, biosorbent dosage and dye concentration, were investigated to determine the optimum conditions for the adsorption process. A kinetic study was also carried out and the experimental data were fitted to existing models in order to better understand the adsorption process.




2. Materials and Methods


2.1. Materials


The walnut shells were collected from a local Ukrainian market as a low-cost lignocellulosic waste. Urea (purity of 99.9%, MW: 60.06 g·mol−1) and crystal violet (CV, high-purity biological stain, MW: 407.986 g·mol−1) were purchased from Thermo Fisher Scientific (Villebon-sur-Yvette, France) and used as received. Sodium dodecyl sulfate (SDS, purity of 99%, MW: 288.38 g·mol−1) was supplied by Sigma-Aldrich (Saint·-Quentin Fallavier, France). The SDS critical micellar concentration (CMC) of 8 mM was previously determined by the Wilhelmy plate method [29]. All others chemicals were of analytical grade.




2.2. Preparation of Biosorbents


The walnut shells were firstly ground in a high-speed solid crusher (Hukoer, Shenzhen, China) with a rotational speed of 28,000 rpm and motor power of 850 W. The produced powder was sieved with a Retsch AS200 vibratory sieve shaker to obtain particle sizes between 160 and 400 μm. In order to remove the dust particles, walnut shell powder was soaked in deionized water for 24 h and thoroughly washed on a sieve of mesh size 50 μm. Wet walnut shell powder was stored overnight at room temperature and then dried in an oven at 105 °C to constant mass. This adsorbent sample was called WS.



In the first step of adsorbent modification, a simple and environmentally friendly method using urea compound was applied to burst the three-dimensional structure of the cellulose. Urea treatment of WS was realized according to a previously described method [14]. Dry WS and urea powder were blended in a heat-resistant glass bottle with a weight ratio of 1:2 to ensure homogeneous particle distribution. The mixture was irradiated for 8 min using a microwave laboratory system (230 V–50 Hz, NEOS-GR, Milestone, Italy) operating at a frequency of 2450 MHz and power of 400 W with the temperature controlled. After irradiation, the mixture was boiled in deionized water for 30 min and filtered while hot using a micro-mesh 50 μm sieve. The residues and excess urea were removed by washing in hot water (60 °C). The powder was dried at 80–90 °C in the oven until constant mass. The urea-treated adsorbent was named UWS.



In the second step, an anionic surfactant SDS was used for adsorbent modification in order to increase the number of negatively charged active sites on the surface [28]. WS and UWS samples were treated with SDS following the procedure described in the literature [28]. SDS solution in deionized water at a concentration of 8 mM was used for the treatment. This specific concentration corresponding to CMC of SDS was selected in order to maximize the amount of surfactant adsorbed onto the surface of WS and UWS, because of micelle formation above the CMC [30]. The mixture of adsorbent powder and SDS solution at a ratio 1:50 w/v was stirred at 240 rpm on the magnetic table for 24 h at room temperature (25 °C). After treatment, the mixture was filtered and washed two times with distilled water to eliminate possible unbound surfactant. Finally, the SDS-modified samples were dried overnight in the oven at 90 ± 5 °C and named SWS and SUWS for walnut shells and urea-treated walnut shells, respectively.



All solid samples were stored in plastic containers at room temperature for future experiments.




2.3. Characterization of Biosorbents


The elemental analysis of raw and modified walnut biosorbents was performed with a FLASH 2000 CHNS/O Analyzer from Thermo Scientific (Waltham, MA, USA). A point of zero charge (pHpzc) was determined using the pH drift method described by Lopez-Ramon et al. [31] as follows: 50 mL of 0.01 M NaCl solution was placed in a closed glass bottle. The solution pH was adjusted within a range of 2.5–10.0 with 0.1 M NaOH or 0.1 M HCl using a pH probe (SevenCompact S210-Basic, Mettler-Toledo, Shanghai, China). Then, 0.1 g of biosorbent was added to the solution, and the final pH value was measured after 48 h of stirring at room temperature. The average value of three measurements was considered.



Infrared spectra were recorded with a Nicolet iS5 FTIR spectrometer (Thermo Scientific, Waltham, MA, USA) equipped with iD1 Transmission tool. A 2 mg biosorbent sample was mixed with 120 mg of spectroscopic grade KBr then pressed in a standard device to produce pellets with a 13 mm diameter. A background was recorded in ambient conditions with pure KBr pellets. All samples were scanned 16 times in the wavenumber range from 400 to 4000 cm−1 with a resolution of 4 cm−1.



The surface structure of samples was examined using scanning electron microscopy (SEM) using a Quanta FEG 250 (FEI, Hillsboro, OR, USA) equipped with an energy-dispersive spectrometer for X-ray microanalysis (EDX, Bruker Nano GmbH Berlin, Berlin, Germany). SEM micrographs were acquired from the platinum-coated biosorbents (Denton Vacuum Desk V, Moorestown, NJ, USA) in secondary electron mode at low vacuum and 20 kV accelerating voltage. The surface elemental compositions were determined from the EDX analysis.




2.4. Adsorption Experiments


2.4.1. Optimization of Adsorption Conditions


A cationic compound crystal violet (CV) was used as a model dye for adsorption experiments. A stock solution of CV at 100 mg·L−1 was prepared and used to obtain the required concentration range by the dilutions in deionized water. The pH value of the suspensions was adjusted to suitable values for adsorption experiments by using 0.1 M HCl or 0.1 M NaOH solutions.



Firstly, the optimization of CV removal was carried out for each of the four adsorbent agents, WS, UWS, SWS and SUWS, by three chosen independent process variables: CV concentration, pH and biosorbent dose. According to the central composite face-centered design (CCFD) [32,33,34], six replicates at the center point and six star point experiments were performed. Each factor was set to five levels: high and low level of axial points, high and low level of factorial points, and the center point, as presented in Table 1. The zero value of the categorical factor was added, which means that the CCFD was not repeated for every combination of the categorical factor levels. In total, twenty experiments were conducted in duplicate for each biosorbent as summarized in Table 2.



The adsorption experiments of CV from aqueous solution onto biosorbent samples were performed in 100 mL closed glass bottles with a working volume of 20 mL. A predetermined amount of the biosorbent was added to CV solution of known concentration and pH. The mixture was agitated on a magnetic table at room temperature at a 150 rpm stirring rate for 60 min of contact time. At the end of experiment, the suspension was decanted for 5 min and the residual CV concentration was determined spectrophotometrically at a wavelength of 590 nm using a UV/VIS spectrometer Lambda 12 (PerkinElmer, Waltham, MA, USA).



The response of the design experiments was called removal efficiency (R) and calculated as the percentage adsorption of CV:


  R   %   =     C   0   −   C   t       C   0     × 100  



(1)




where     C   0     is the initial concentration of CV solution (mg·L−1) and     C   t     is the residual concentration of CV solution after adsorption (mg·L−1).



The optimum values of each experimental variable were obtained using Design-Expert® version 13 software by solving the regression equations and carrying out graphical analysis of response surface plots, as explained by Garg et al. [32,33].




2.4.2. Adsorption Kinetics and Isotherm Models


The kinetic studies in batch mode were carried out in a 600 mL glass vessel with a working volume of 300 mL. Different parameters were fixed based on the results of the optimization experiments, namely CV concentration of 60 mg·L−1, biosorbent dose of 5.0 g·L−1, initial pH of solution of 6.5 for UWS and SUWS biosorbents, and 7.5 for WS and SWS biosorbents. The mixture was stirred on a magnetic table at a constant speed of 150 rpm, and the contact times were 5, 10, 15, 20, 25, 30, 40, 50, 60, 75, 90, 105, 120, 150 and 180 min. Aliquots were sampled from the glass at predetermined time intervals in a such way that the material balance of solid phase–liquid was not affected. Using the same experimental conditions of pH, temperature, adsorbent dose and agitation rate, the equilibrium adsorption isotherms were also obtained. Each adsorbent was mixed with 20 mL of CV solution at initial concentrations in the range from 10 to 100 mg·g−1 until equilibrium was achieved. As for optimization experiments, the residual dye concentration was analyzed using UV/VIS spectrophotometry at 590 nm.



The amount of adsorbed dye concentration at any given time,     q   t    , was calculated according to mass balance as:


    q   t   =       C   0   −   C   t     V   m    



(2)




where     C   0     is the initial concentration of dye (mg·L−1),     C   t     corresponds to the residual concentration of dye in the aqueous phase at any given time (mg·L−1),   m   is the mass of biosorbent (g) and   V   is the volume of used solution (L). All experiments were performed in triplicate. Experimental data are reported as the average values of at least three measurements.






3. Results and Discussion


3.1. Biosorbent Characterizations


3.1.1. FTIR Analysis


In this study, Fourier transform infrared (FTIR) spectroscopy was used to examine the structure and chemical changes induced by both urea pretreatment and SDS modification of lignocellulosic biomass. As one form of vibrational spectroscopy, FTIR is commonly used to determine chemical fingerprints of solid, liquid, and gaseous samples. In order to characterize the functional groups of WS, UWS, SWS and SUWS as potential adsorption sites, FTIR analysis was performed on these samples between 4000–400 cm−1. FTIR spectra for studied biosorbent samples are illustrated in Figure 1.



According to the obtained results, all samples show typical lignocellulosic biomass signals. A considerable broad O-H stretch absorption was observed around 3408.6, 3428.3, 3449.0 and 3439.8 cm−1, and a prominent C-H stretch absorption was observed around 2917.6, 2886.5, 2885.6 and 2886.5 cm−1 for WS, UWS, SWS and SUWS samples, respectively. This corroborates previous literature results on walnut shells [35]. These signals were not significantly affected by biosorbent modifications because of the presence of carbohydrates in cellulose. Several well-defined absorption bands can be found in the fingerprint region between 800 and 1800 cm−1, providing information on cellulose, hemicelluloses and lignin functional groups. For example, in WS spectra, the non-conjugated C=O stretch from hemicelluloses appeared at 1736.58 cm−1, while the aromatic skeletal vibration in lignin appeared at 1518.19 cm−1. The bands around 1441.0, 1366.3, 1294.0 and 1233.7 cm−1 can be attributed to the presence of lignin, whereas those around 1145.3 and 1050.0 cm−1 mainly originated from cellulose and hemicellulose (xylan, mannan) [36]. At 835.7 cm−1, wagging vibrations are associated with 1,4-disubstitution (para) C–H bonds in aromatic ring bends [37].



It can be noticed that UWS exhibited more intensive frequencies in the region of 800–1800 cm−1, which suggests that the complex three-dimensional polysaccharide lignin structures were partially broken down by the urea pretreatment. The characteristic band at 835.7 cm−1 is missing, indicating that the corresponding C–H bonds have been broken. Other bands at 657.1 and 611.8 cm−1 indicated an O=C–N bend of aliphatic secondary amides [38]. The bands between 3800 and 3700 cm−1 observed for UWS and SUWS samples can be attributed to the increased amount of free hydroxyl groups compared to WS spectra [39,40]. After urea treatment, the three-dimensional polysaccharide structure of walnut shell is partially destroyed, which leads to the liberation of –OH groups on the biosorbent surface.



In the case of SDS-modified samples, SWS and SUWS, it is apparent that there were some changes in the absorption band frequencies in the region 800–1800 cm−1, and the broad band of the hydroxyl group at around 3439.8 cm−1 was decreased by SDS. Similarly, the absorption band frequency at 2886.5 cm−1 associated with alkanes was also reduced. It is well known that electrostatic interactions cannot shift the absorption bands of functional groups present on biosorbent surfaces. Therefore, these shifts indicated complexation between ionized functional groups and the SO4− and Na+ ions of SDS [37]. The FTIR spectra of SWS and SUWS showed the inexpressive absorption band at around 2200 cm−1 characteristic for the cyanate group [41]. At the same time, the comparison of spectra yields did not reveal the presence of sulfonate functional groups around 1129 cm−1, which is possibly due to the low amount of adsorbed SDS. Similar observations have been reported for other surfactant-modified biosorbents [42].




3.1.2. Determination of Zero-Point Charge


The capacity of a biosorbent to capture dye molecules depends on its surface charge, chemical composition and existing reactive sites. pH is one of the most important factors influencing adsorption efficiency. The pH drift method allows us to estimate the acid–base properties of biosorbents. The combined influence of all the functional groups of a biosorbent determines pHpzc as the pH at which the net charge of the total surface of a biosorbent is equal to zero. At this point, the cation and anion exchange capacities are equal. When the pH falls below pHpzc, the surface charge of the biosorbent is predominantly positive, making it able to adsorb anions. On the other hand, if the pH is above the pHpzc value, the surface charge would be predominantly negative, allowing the cations to be absorbed [43].



The pH drift data are summarized in Table 3, and the correspondent curves for pHpzc determination were plotted in Figure 2. The pHpzc refers to the point at which the curve pHfinal versus pHinitial crosses the line pHinitial = pHfinal. The results show that the pHpzc of the WS was 4.7 and increased after pretreatment with urea to 5.9 for the UWS. This increased amount of negatively charged functional groups can be related to the increased surface area and loose complex polysaccharide structure after urea treatment [44], and consequently the higher amount of accessible –COOH groups.



When the pH of the medium is lower than pHpzc, it is expected that the biosorbent surface will be predominantly positively charged. As a result, less CV dye can be adsorbed as electrostatic repulsion will increase between the positively charged adsorbent and the cationic dye. Furthermore, at low pH, there is also competition for the adsorption sites between -H+ groups, which are present in a large amount, and the cationic dye. The SDS modification yielded SWS and SUWS with similar, albeit lower, pHpzc values of 4.4 and 5.6, respectively. Our results show similar trends as those in the study of Lim et al. [45], in which native Artocarpus odoratissimus skin had a pH of 4.9, however, after alkaline treatment the pH increased to 6.6 while the SDS treatment decreased it to 4.7.



According to the obtained pHpzc values for biosorbents, the estimated pH range for maximum CV removal is between 6 and 8, since the surface of biosorbents is negatively charged and dyes are positively charged (pKa of CV 8.5–8.6). Furthermore, the adsorption processes for WS, SWS, UWS and SUWS are expected to be similar since these samples have similar charge environments. Due to these charge environments, it can be assumed that at pH of 6.5 (pH of adsorption experiments) the adsorption of CV by WS, SWS and UWS, SUWS biosorbent can be favored.




3.1.3. Elemental Analysis and SEM-EDX Analysis


Elemental analysis was performed to analyze the composition of carbon (C), hydrogen (H), nitrogen (N) and sulfur (S) contents in the biosorbents (Table 4). The percentage of C and H was similar for all the samples, and corresponded to the composition of walnut shells reported in the literature [46]. The nitrogen content in modified biosorbents increased from 0.36 and 0.58% for SWS and WS, respectively, and to 2.16 and 2.73% for SUWS and UWS, respectively, proving the incorporation of covalently bonded nitrogen in the biosorbent structure by urea treatment. A slight increase in sulfur content for SWS and SUWS samples after SDS treatment can be noticed.



The surface morphology of WS-based adsorbents before and after treatment was studied using SEM equipped with an EDX analyzer. The obtained pictures and EDX spectra are shown in Figure 3. As expected, no visible changes in morphology were observed after SDS treatment of biosorbents. It was also noticed that the porosity of the adsorbent surface was not significantly affected by urea treatment. Additional BET analysis confirmed the macroporous structure of samples with the size of pores higher than 1 µm. The EDX analysis of the adsorbents revealed that carbon and oxygen were the main constituents of biosorbents. The presence of a Pt signal is due to sample metallization. The adsorption of SDS resulted in apparition of a sulfur signal for SWS and SUWS samples, and a sodium signal for the SUWS sample.





3.2. Adsorption Studies


For the adsorption studies, crystal violet (CV) was used as a model synthetic dye. This triarylmethane cationic dye is largely utilized as a purple dye in the textile industry. CV is poorly metabolized by living organisms, is non-biodegradable, and classified as toxic and carcinogenic. It can also be responsible for various health problems [47]. It is therefore interesting and desirable to explore the removal of this synthetic molecule using biosorbents.



3.2.1. Effect of Operating Parameters


The main objective of this step is to determine the optimum set of operational parameters for the CV adsorption. The optimization of CV adsorption was carried out according to three independent input factors: CV concentration, solution pH and biosorbent dose, with CV removal efficiency (R) as the response. According to the response surface methodology analyses, the relationships between variables and responses were established and expressed by the regression models [32]. Linear regression with a logit transformation was used to configure the analysis since the response was bounded by the lower and upper limits of 0% and 100% removal efficiency, respectively. The best-fitting models for each biosorbent were derived from quadratic equations. The final equations in terms of actual factors and fit statistics are summarized in Table 5.



The different fit statistics characterize the adequacy of the model equations. Values of the correlation coefficient R2 between 92.9% and 95.5% confirm a good correlation between the experimental results and values predicted by the model equation. F-values of between 14.47 and 23.32 imply that the models are significant. p-values lower than 0.05 indicate that the model can be considered as statistically significant. Adeq Precision greater than 4 indicates an adequate measure of the signal-to-noise ratio. The examination of all these parameters proved that the proposed quadratic model equations of CV removal efficiency are statistically significant and can be used for further analysis.



In order to evaluate the effect of the three variable parameters on CV adsorption, an experimental design model (CCFD) and response surface methodology were used [32]. The three-dimensional (3D) response surface plots provide useful information for understanding the interactions between independent variables and their effect on the response variable [48]. In these plots, the response variable is presented as a function of two independent variables, maintaining all other variables at a fixed level and using the established quadratic model equations. The results of the interactive effect of variable parameters on adsorption of CV by the SUWS biosorbent are shown in Figure 4.



Effect of pH


pH is an important parameter in sorption studies as it affects the surface properties of the adsorbent and the dissociation of the adsorbate compound [47]. The pH dependences of CV adsorption combined with initial dye concentration and biosorbent dose are illustrated in Figure 4a,c, respectively. The CV removal increased with increasing pH from 4 to 6.5, and maximum percentage of removal efficiency by the SUWS biosorbent was observed at pH 6.5. This result can be related to the pHpzc value of the biosorbent (5.6 ± 0.1). At a pH higher than zero-point charge, the deprotonation of –COOH groups is favored and the number of negatively charged groups on the biosorbent surface increases. This leads to electrostatic attraction interactions between the SUWS surface and dye cations. This observation corroborates earlier finding for other types of sorbents [48,49]. At a pH of 6.5, the maximum percentage of removal efficiency of 97–98% was obtained over the entire range of investigated CV concentrations.




Effect of Biosorbent Dose


The amount of SUWS, or the biosorbent dose, had a significant influence on CV removal efficiency. Figure 4b,c shows the interactive effect between the adsorbent dose with CV concentration and pH, respectively. It may be noted that the dye adsorption increases with increasing dose within the experimental range. Nearly 99% dye removal was achieved at a maximum biosorbent dose of 7.5 g·L−1 and a minimum dye concentration of 35 mg·L−1. On the other hand, the decrease in biosorbent dose to 2.5 g·L−1 and the increase of CV concentration to 85 mg·L−1 did not result in any important reduction in the removal efficiency, which remained higher than 95%. The increase in dose allows more adsorption sites to become available, which results in a decrease in the concentration gradient between the bulk solution and the adsorbent interface, resulting in declining adsorption rates against constant dye concentration. Conversely, for low adsorbent doses, the concentration gradient will be relatively high, leading to higher adsorption rates. For all investigated biosorbent doses, the highest efficiency was achieved at pH close to 6.5.



The response surfaces for the WS, UWS and SWS biosorbents were analyzed in the same way (Figure S1, Supplementary data). The results indicated that the optimum pH for all biosorbents was about 6.5–7.5, and the optimal biosorbent dose was of 5 g·L−1 for WS, 3.3 g·L−1 for UWS and SWS, and 2.5 g·L−1 for SUWS. These observations suggest that combined urea/surfactant treatment has a positive effect on the adsorption capacity of walnut shells, and allows the decrease in adsorbent dose for efficient CV adsorption.





3.2.2. Adsorption Kinetics


The adsorption dynamics were investigated to assess the time dependency of the adsorption progress. The kinetic models can also indicate whether chemical or physical adsorption is dominant in the sorption process [50]. Several kinetic models including pseudo-first-order of Lagergren (PFO, Equation (3)) [51], pseudo-second-order (PSO, Equation (4)) [52] and Elovich (Equation (5)) [53] models were selected to determine the relationship between the sorption capacity and contact time. The following kinetic equations were used:


    q   t   =   q   e     1 −   e   −   k   1   t      



(3)






    q   t   =     k   2     q   e   2   t   1 +   k   2     q   e   t    



(4)






    q   t   =   1   β   l n ( 1 + α β t )  



(5)




where     q   t     is the adsorption capacity (mg·g−1) at any time t (min);     q   e     is the sorption capacity at equilibrium (mg·g−1); k1 and k2 are the PFO rate constant (min−1) and the PSO rate constant (g·mg−1·min−1), respectively; α is the initial adsorption rate of the Elovich equation (mg·g−1·min−1) and β is the desorption constant (g·mg−1).



To obtain accurate results for the physical parameters, nonlinear fitting of the data was used. This was achieved by minimizing the difference between experimental data and predicted values of the dependent factor. In addition, with nonlinear fitting, it is possible to directly compare the correlation coefficients (R2). In linearized phenomenological equations, R2 values cannot be compared because the ordinates of the graphs are different [54]. In this study, nonlinear data fitting was applied to the nonlinear models through a user-defined function and solved with algorithms based on the Levenberg–Marquardt method using the OriginPro 2021 software.



Figure 5 illustrates the model predictions and Table 6 summarizes the parameters estimated from the application of these models. The obtained results demonstrate that the lowest correlation coefficients between 0.42 and 0.79 are obtained for PFO model, which confirms an insufficient fit between the model and the experimental data. The adsorption of CV cations on WS, UWS, SWS and SUWS is therefore not an ideal PFO process, indicating that the equilibrium concentration of dye is not constant throughout the adsorption process [55]. The PSO model was the most accurate model for describing the adsorption kinetics of CV onto WS and SWS biosorbents (correlation coefficients of 0.95 and 0.99, respectively). It is well recognized that pseudo-second-order rate expressions can be used to describe chemisorption involving electron exchange and covalent forces between adsorbent and adsorbate [56]. Therefore, the adsorption process of CV is realized via surface exchange reactions until the surface functional sites of the biosorbent are completely occupied. The adsorption process rate-limiting step in this case is chemisorption.



The best-fit model for the prediction of adsorption process for urea-pretreated biosorbents, UWS and SUWS, was the Elovich model, with correlation coefficients of 0.98 and 0.96, respectively. According to the Elovich model, the rate of adsorption is mainly controlled by chemical reactions, such as chemisorption. In the liquid phase, particularly in aqueous dye solutions, this model has been proven particularly efficient [57]. Figure 5b,d illustrates a tendency of slow adsorption for the UWS and SUWS samples. The same observation was made for systems in which the adsorbing surface is heterogeneous [58]. The lignocellulose of walnut shells has crystalline and amorphous structures. It can be hypothesized that the surface heterogeneity of UWS and SUWS biosorbents increases after delignification and depolymerization by urea treatment. Indeed, the amorphous lignocellulose is more easily decomposed by urea pretreatment as compared to crystalline lignocellulose [59]. On the other hand, the closest match of the experimental sorption capacity of SUWS (22.42 mg·g−1) was with the predicted value of 22.43 mg·g−1, indicating that CV adsorption by this biosorbent was a combination of both chemisorption and ion exchange reactions.




3.2.3. Adsorption Isotherms


Adsorption isotherm studies are important to characterize the distribution of adsorbate between liquid and solid phases at equilibrium. The adsorption data for CV adsorption onto initial and modified WS biosorbents was analyzed using typical nonlinear Langmuir (Equation (6)) and Freundlich (Equation (7)) isotherm models [60]. A Langmuir isotherm assumes monolayer adsorption by energetically identical sites, whereas a Freundlich isotherm describes heterogeneous surfaces without assuming monolayer capacity [61].


    q   e   =     k   L     C   e     1 +   α   L     C   e      



(6)






    q   e   =   k   F     C     b   F      



(7)




where     q   e     is the sorption capacity at equilibrium (mg.g−1);     C   e     is the dye concentration at equilibrium (mg·L−1);     k   F     reflects the adsorbent capacity (L·g−1);     b   F     is the heterogeneity factor (unitless) ranging from 0 to 1;     k   L     reflects the solute adsorptivity (L·g−1) and     α   L     is related to the energy of adsorption (L·mg−1).



Figure 6 shows the equilibrium isotherm data with nonlinearly fit models of the adsorption of CV onto the biosorbents. A nonlinear regression analysis was used to estimate characteristic parameters of both models, which are summarized in Table 7.



The obtained results demonstrated that the Freundlich model is unfavorable for the fitting of experimental data. In spite of the high correlation coefficient of 0.95 for the SUWS sample, the heterogeneity factor     b   F     was above the permissible range value (1.22 > 1), making the application of this model difficult. On the other hand, the Langmuir model gave suitable results for describing the equilibrium isotherms for all biosorbents, with R2 values ranging from 0.91 to 0.96. This assumes the interactions between CV molecules and biosorbent surface are on a single layer basis. Additionally, this model predicts that after occupation of the biosorbent’s active sites, no further adsorption of CV can take place at this site [45]. The monolayer coverage has also been observed for other biosorbents modified with surfactants [62]. Data presented in Figure 6 confirm the efficiency of the proposed two-step modification process of lignocellulosic biomass; indeed, the adsorption capacity of the modified SUWS sample is about two times greater than that of WS. As explained before, this increase can be related to the development of the biosorbent surface after urea treatment and a higher amount of negatively charged sites after surfactant treatment, which favors the adsorption of cationic CV compound.





3.3. Comparison of Various Low-Cost Biosorbents


Table 8 summarizes the maximum adsorption capacities of different kinds of low-cost adsorbents derived from biomass in their native or modified form (except activated carbons) for CV removal. These results show that the adsorption capacity of SUWS is lower when compared to treated ginger waste [63], wheat straw [64], coir pith [65] and pomegranate fruit shell powder [66], but of the same order of magnitude as pine bark powder [67], treated cucumber peels [68], rice bran [69], jackfruit leaf powder [70], treated rice husk [47], and significantly higher than sugarcane fiber [65] and orange peels [71]. The characteristics of the adsorption process of the same pollutants are strongly dependent on the nature of the adsorbent. Variability in dye adsorption capacity is mainly related to the differences in the structure, functional groups and surface area of each biosorbent. Based on these results, SUWS can be considered as a competitive low-cost biosorbent for the removal of cationic dye from aqueous solutions.




3.4. Proposed Adsorption Mechanism


The driving forces for dye adsorption are electrostatic interactions between oppositely charged functional groups of dye molecules and sorbent, as well as hydrophobic and hydrogen bonding interactions corresponding to the attractive forces between nonpolar species in aqueous medium [72,73]. According to the obtained results, and based on the chemical structure of CV and the surface composition of adsorbents, the proposed adsorption mechanism is presented in Figure 7.



The basic component of WS is cellulose, which contains –OH and –COOH groups. Urea treatment allows two main changes in the surface structure of cellulose: the grafting of –NH2 functions via formation of isocyanate and reaction with –OH functions of cellulose [10,74], and the destruction of the polysaccharide network with the increase in the amount of accessible –OH and –COOH groups on the biosorbent surface [14]. These modifications were confirmed for the UWS and SUWS samples by the results of FTIR, elemental analysis and pHpzc determination. Thus, urea treatment led to the formation of additional active sites for CV adsorption. On the other hand, adsorption of SDS onto cellulose surface is due to the hydrophobic interactions between carbon chains of surfactant and the inherent hydrophobic microdomains in cellulose [75].



Two main factors need to be considered in the adsorption mechanism: the molecular structure of the adsorbate and the structure of the adsorbent. CV is a cationic dye with amine groups in its structure. The positive charge of CV in water media is due to the dissociation into CV+ and Cl− [63]. Therefore, after the diffusion of the dye molecules from the bulk of the aqueous solution to the surface of the WS-based biosorbents through the boundary layer surrounding the adsorbent particles, the adsorption takes place: (i) through the electrostatic interactions between CV+ cations and negatively charged –COO− (pH > pHpzc) or –SO4− groups, (ii) via possible formation of hydrogen bonds between N atoms of CV and –OH or –HN2 groups of biosorbent. A similar mechanism of CV adsorption has been proposed in previous studies [47,76].





4. Conclusions


In this study, low cost adsorbents from waste biomass were successfully applied in the treatment of dye effluents. Four kinds of biosorbents were prepared from walnut shells with one- or two-step modification using urea and/or anionic surfactant. The efficiency of native and modified biosorbents for the removal of synthetic cationic CV dye from aqueous solutions was investigated. The optimization experiments showed that pH close to 7 ± 0.5 allowed the highest adsorption efficiency. The biosorbent treated with urea and surfactant demonstrated a high efficiency of CV removal (>95%) and adsorption capacity (37 mg·g−1). The kinetic study of adsorption was observed to follow the pseudo-second-order rate model. Which gave the most accurate correlation between experimental and model data. The adsorption isotherms of walnut biosorbents were better fitted by the Langmuir equation, supporting CV adsorption onto biosorbent in a single layer.



The results confirm that appropriate modification can efficiently increase the performance of adsorbents. The adsorption capacity of walnut shells modified using combined urea–surfactant treatment was twice that of untreated WS. This underlines the efficiency of the proposed eco-friendly modification approach due to the increase in the biosorbent surface area caused by urea treatment and the increase in the number of active negatively charged sites after SDS treatment allowing a larger amount of adsorbed cationic CV.



These investigations contribute to our knowledge of complex adsorption processes using biomass-based adsorbents. In the future, it would be interesting to expand this approach of combined modification to other types of lignocellulosic biomass. From the economical point of view, and for the potential application of industrial effluent treatment, reusability of biosorbent or regeneration process should be explored.
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Figure 1. FTIR spectra of biosorbents with indicated absorption band/peak frequencies. 
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Figure 2. Curves of point zero charge determination of biosorbents. 
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Figure 3. SEM micrographs and EDX analysis of biosorbents. 
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Figure 4. Response surfaces at the central point levels for SUWS biosorbent: (a) effect of CV concentration (A) and pH (B), (b) effect of CV concentration (A) and biosorbent dose (C), (c) effect of pH (B) and biosorbent dose (C) on removal efficiency (R). 






Figure 4. Response surfaces at the central point levels for SUWS biosorbent: (a) effect of CV concentration (A) and pH (B), (b) effect of CV concentration (A) and biosorbent dose (C), (c) effect of pH (B) and biosorbent dose (C) on removal efficiency (R).



[image: Water 15 01536 g004]







[image: Water 15 01536 g005 550] 





Figure 5. Kinetic data for the adsorption of CV onto the biosorbents: (a)—WS; (b)—UWS; (c)—SWS; (d)—SUWS. Comparison between the experimental data (points) and predictions (lines) of the PFO, PSO and Elovich models. 
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Figure 6. Isotherms for the adsorption of CV onto the biosorbents (a) WS, (b) UWS, (c) SWS and (d) SUWS. Comparison between the experimental data (points) and predictions (lines) of the Langmuir and Freundlich models. 
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Figure 7. Proposed adsorption mechanism of CV onto WS-based biosorbents. 
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Table 1. Experimental range of independent factors and their levels.






Table 1. Experimental range of independent factors and their levels.





	
Factors

	
Ranges in Five Levels




	
−1.682

	
−1

	
0

	
+1

	
+1.682






	
CV concentration (mg·L−1)

	
A

	
18.0

	
35

	
60

	
85

	
102.1




	
pH

	
B

	
2.6

	
4

	
6

	
8

	
9.4




	
Biosorbent dose (g·L−1)

	
C

	
0.8

	
2.5

	
5

	
7.5

	
9.2
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Table 2. Experimental runs according to the central composite design for three independent variables.
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Independent Factors

	
Adsorption (%) R




	
CV Concentration

A

	
pH

B

	
Biosorbent Dose

C

	
WS

	
UWS

	
SWS

	
SUWS






	
1

	
−1

	
−1

	
−1

	
93.2

	
86.3

	
88.8

	
84.0




	
2

	
+1

	
−1

	
−1

	
81.3

	
88.2

	
89.8

	
91.9




	
3

	
−1

	
+1

	
−1

	
88.8

	
76.0

	
93.9

	
91.3




	
4

	
+1

	
+1

	
−1

	
83.3

	
88.1

	
91.6

	
92.0




	
5

	
−1

	
−1

	
+1

	
98.6

	
97.8

	
98.2

	
98.7




	
6

	
+1

	
−1

	
+1

	
95.9

	
94.0

	
96.5

	
95.9




	
7

	
−1

	
+1

	
+1

	
98.5

	
98.9

	
98.5

	
98.7




	
8

	
+1

	
+1

	
+1

	
97.8

	
95.1

	
98.5

	
98.7




	
9

	
−1.682

	
0

	
0

	
97.9

	
98.2

	
97.8

	
98.5




	
10

	
+1.682

	
0

	
0

	
90.0

	
97.8

	
93.8

	
96.7




	
11

	
0

	
−1.682

	
0

	
80.5

	
83.2

	
88.8

	
88.5




	
12

	
0

	
+1.682

	
0

	
96.0

	
92.8

	
92.3

	
91.3




	
13

	
0

	
0

	
−1.682

	
73.1

	
83.1

	
85.6

	
88.5




	
14

	
0

	
0

	
+1.682

	
98.2

	
98.2

	
98.0

	
98.9




	
15

	
0

	
0

	
0

	
95.1

	
94.3

	
97.8

	
98.1




	
16

	
0

	
0

	
0

	
95.1

	
94.3

	
97.8

	
98.1




	
17

	
0

	
0

	
0

	
95.1

	
94.3

	
97.8

	
98.1




	
18

	
0

	
0

	
0

	
95.1

	
94.3

	
97.8

	
98.1




	
19

	
0

	
0

	
0

	
95.1

	
94.3

	
97.8

	
98.1




	
20

	
0

	
0

	
0

	
95.1

	
94.3

	
97.8

	
98.1
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Table 3. Initial and final pH of solutions for point zero charge determination of biosorbents.
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WS

	
UWS

	
SWS

	
SUWS




	

	
pH Initial

	
pH Final

	
pH Initial

	
pH Final

	
pH Initial

	
pH Final

	
pH Initial

	
pH Final






	

	
2.5

	
2.5

	
2.5

	
2.5

	
2.6

	
2.6

	
2.5

	
2.5




	

	
4.1

	
4.5

	
4.0

	
4.6

	
4.1

	
4.3

	
4.0

	
4.6




	

	
5.5

	
5.1

	
5.6

	
5.8

	
5.6

	
4.9

	
5.6

	
5.6




	

	
7.0

	
5.3

	
7.0

	
6.0

	
7.1

	
5.4

	
7.1

	
6.3




	

	
8.7

	
5.9

	
8.6

	
6.4

	
8.5

	
6.1

	
8.6

	
6.4




	

	
9.9

	
6.3

	
10.0

	
6.9

	
9.9

	
6.6

	
10.0

	
7.1




	
pHpzc

	
4.7 ± 0.1

	
5.9 ± 0.1

	
4.4 ± 0.1

	
5.6 ± 0.1
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Table 4. Carbon, hydrogen, nitrogen and sulfur content in walnut shell biosorbents.
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	Biosorbent
	WS
	UWS
	SWS
	SUWS





	C (%)
	46.04 ± 0.03
	47.67 ± 0.83
	46.40 ± 0.26
	47.48 ± 0.14



	H (%)
	5.49 ± 0.08
	5.61 ± 0.17
	5.49 ± 0.03
	5.78 ± 0.15



	N (%)
	0.58 ± 0.01
	2.73 ± 0.65
	0.36 ± 0.06
	2.16 ± 0.23



	S (%)
	0
	0
	0.05 ± 0.01
	0.11 ± 0.01
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Table 5. Best-fitting quadratic equations for CV adsorption using WS-based biosorbents.
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Biosorbent

	
WS

	
UWS

	
SWS

	
SUWS






	
Coefficients of best-fitting model equations for coded response variables A, B and C *

  R   %   =   α   1     A   2   +   α   2     B   2   +   α   3     C   2   +   α   4   A B +   α   5   B C +   α   6   C A +   α   7   A +   α   8   B +   α   9   C +   α   10    




	
     α   1     

	
0.0001

	
0.0005

	
−0.0002

	
−0.0001




	
     α   2     

	
−0.04

	
−0.08

	
−0.12

	
−0.15




	
     α   3     

	
−0.02

	
−0.01

	
−0.04

	
−0.04




	
     α   4     

	
0.0034

	
0.0004

	
0.0006

	
0.0012




	
     α   5     

	
0.03

	
0.04

	
0.00

	
0.01




	
     α   6     

	
−0.000

	
−0.007

	
−0.001

	
−0.004




	
     α   7     

	
−0.06

	
−0.03

	
0.02

	
0.02




	
     α   8     

	
0.29

	
0.80

	
1.42

	
1.72




	
     α   9     

	
0.36

	
0.62

	
0.75

	
0.88




	
     α   10     

	
2.08

	
−0.97

	
−3.57

	
−4.97




	
Fit statistics **




	
R2

	
0.93

	
0.95

	
0.93

	
0.96




	
F-value

	
15.12

	
19.52

	
14.47

	
23.32




	
p-value

	
0.0001

	
<0.0001

	
0.0001

	
<0.0001




	
Adeq precision

	
13.12

	
15.57

	
11.36

	
14.14








* A, B and C correspond to CV concentration, pH and biosorbent dose, respectively. ** data obtained using Design-Expert® software.
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Table 6. Estimated kinetic parameters for adsorption of CV onto WS-based biosorbents.
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Parameters

	
Biosorbent




	
WS

	
UWS

	
SWS

	
SUWS






	
Experimental

	
qt,exp (mg·g−1)

	
11.78

	
17.31

	
15.33

	
22.42




	
Pseudo-first-order

	
qt,cal (mg·g−1)

	
11.33

	
15.85

	
14.97

	
21.33




	
k1 (min−1)

	
0.242

	
0.219

	
0.259

	
0.237




	
R2

	
0.64

	
0.42

	
0.79

	
0.58




	
Pseudo-second-order

	
qt,cal (mg·g−1)

	
11.86

	
16.88

	
15.57

	
22.43




	
k2 (g·mg−1·min−1)

	
0.040

	
0.021

	
0.036

	
0.019




	
R2

	
0.95

	
0.82

	
0.99

	
0.93




	
Elovich

	
qt,cal (mg·g−1)

	
21.22

	
17.61

	
15.93

	
23.21




	
α (mg·g−1·min−1)

	
10,249.4

	
609.8

	
172,774.4

	
6351.0




	
β (g·mg−1)

	
1.296

	
0.633

	
1.088

	
0.577




	
R2

	
0.91

	
0.98

	
0.82

	
0.96
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Table 7. Parameters estimated from isotherm adsorption models.
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Parameters

	
Biosorbent




	
WS

	
UWS

	
SWS

	
SUWS






	
Experimental

	
qe,exp (mg·g−1)

	
16.89

	
28.82

	
25.16

	
37.34




	
Freundlich

	
qe,cal (mg·g−1)

	
22.92

	
32.36

	
28.15

	
40.78




	
kF (L·g−1)

	
8.44

	
13.68

	
13.48

	
9.49




	
bF

	
0.363

	
0.485

	
0.514

	
1.22




	
R2

	
0.84

	
0.86

	
0.90

	
0.95




	
Langmuir

	
qe,cal (mg·g−1)

	
17.62

	
30.43

	
26.43

	
37.75




	
kL (L·g−1)

	
18.07

	
22.18

	
24.29

	
11.45




	
    α   L     (L·mg−1)

	
0.961

	
0.560

	
0.680

	
0.000




	
R2

	
0.91

	
0.94

	
0.96

	
0.93
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Table 8. Comparison of different low-cost biosorbents for the CV dye adsorption.
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	Biosorbent
	     q   m a x      (mg·g−1)
	Reference





	Sugarcane fiber
	10.44
	Parab et al., 2009 [65]



	Orange peels
	14.3
	Annadurai, 2002 [71]



	WS
	22.92
	Present study



	Pinus bark powder
	32.78
	Ahmad, 2009 [67]



	Cucumis sativus peels treated with H2SO4
	35.33
	Smitha et al., 2017 [68]



	SUWS
	37.75
	Present study



	Rice bran
	42.25
	Wang et al., 2008 [69]



	Jackfruit leaf powder
	43.39
	Das et al., 2012 [70]



	Rice husk treated with NaOH
	44.87
	Chakraborty et al., 2011 [47]



	Pomegranate fruit shell powder
	50.21
	Silveira et al., 2014 [66]



	Coir pith
	65.53
	Parab et al., 2009 [65]



	Esterified wheat straw
	227.27
	Gong et al., 2008 [64]



	Ginger waste treated with H2SO4-ZnCl2
	277.7
	Kumar & Rais, 2011 [63]
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