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Abstract

:

Porous cellulose beads were quaternized with glycidyltrimethylammonium chloride (GTMAC), and the potential use of the quaternized cellulose beads as an adsorbent was explored for the removal of humic acid (HA) from aqueous media. The introduction of quaternary ammonium groups was verified by FT-IR and XPS analyses, and their content increased to 0.524 mmol/g-Qcell by increasing the GTMAC concentration. The adsorption capacity of the HA increased with decreasing initial pH value and/or increasing content of quaternary ammonium groups, and a maximum adsorption capacity of 575 mg/g-Qcell was obtained for the quaternized cellulose beads with a content of quaternary ammonium groups of 0.380 mmol/g-Qcell. The removal % value increased with increasing dose of quaternized cellulose beads, and HA was highly removed at higher quaternary ammonium groups. The kinetics of the HA adsorption in this study followed a pseudo-second-order equation, and the process exhibited a better fit to the Langmuir isotherm. In addition, the k2 value increased with increasing temperature. These results emphasize that HA adsorption is limited by chemical sorption or chemisorption. The quaternized cellulose beads were repetitively used for the adsorption of HA without appreciable loss in the adsorption capacity. The empirical, equilibrium, and kinetic aspects obtained in this study support that the quaternized cellulose beads can be applied to the removal of HA.
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1. Introduction


Humic substances, which are the constituents of the natural decay of plant and animal residues, are divided into three different components in terms of their solubility, that is, fulvic acid (soluble at any pH value), humic acid (HA, insoluble below pH 2), and humin (insoluble in water) [1,2]. HA has diverse functional groups involving carboxy, phenolic hydroxy, quinone, and ether groups. Out of these functional groups, the carboxy and phenolic hydroxy groups are more prevalent in HA structures [3,4].



HA can facilitate the absorption of micro- and macroelements in plants to enhance plant growth [5]. However, the presence of HA in water has been of environmental concern, and the removal of HA has become a necessary procedure in the water supply for our economy and community for the following reasons [6]. First, the presence of HA causes a yellowish or brownish color, bad taste and odor, and the growth of pathogenic microorganisms. Also, HA can readily chelate with metal ions in aqueous environments [7]. Although chlorination is the most widely used technique for the disinfection of drinking water, some of the disinfection byproducts generated by the reaction of HA with chlorine are more toxic and carcinogenic [8,9]. In addition, calcium and magnesium ions can aggravate membrane fouling due to the fact that these ions promote aggregation with HA molecules [10].



The methods for the removal of HA from aqueous media include adsorption, membrane filtration, flocculation and coagulation, and advanced oxidation processes [6,11]. One of the most prominent and most researched methods is the adsorption process. In comparison with other removal methods, the adsorption process is an effective separation technique in terms of the simplicity of the design, ease of operation, insensitiveness to other substances, and variety of target pollutants that can be removed. Activated carbons produced from different agricultural wastes have been frequently used in many studies on the adsorptive removal of HA [6,12,13,14]. However, some problems to be solved are raised; for example, the cost for chemical activation is high, the regeneration is difficult, the adsorption rate is low, and the adsorption capacity is low [15,16,17]. Therefore, their use is frequently limited. Also, in some articles, the content of the functional groups involved in adsorption was not quantitatively determined. Therefore, we focused on the development of adsorbents for HA by the chemical modification of cellulose materials in terms of the fact that cellulose does not compete with the food supply.



Cellulose is a linear polymer with repeating D-anhydro-glucopyranose units (AGUs) linked together through β-(1,4)-D-glycosidic linkages and has one primary hydroxy (-OH) group and two secondary hydroxy (-CH2OH) groups in each AGU. Nevertheless, cellulose is insoluble in water or common organic solvents through inter- and intramolecular hydrogen-bonding interactions [18]. Based on the above points, cellulose was selected as a starting material for the ease of chemical modification through the primary and secondary hydroxy groups in this study, leading to the formation of competent functional materials as well as the abovementioned unique physicochemical properties. Indeed, many studies have been published on the application of chemically modified cellulose materials for the removal of metal ions and organic pollutants [19,20].



In this study, quaternary ammonium groups were introduced to the porous cellulose beads with glycidyltrimethylammonium chloride (GTMAC) under alkaline conditions. The introduction of the quaternary ammonium groups was verified by FT-IR and XPS analyses, and their content was determined by back titration. The adsorption behavior was estimated by varying the experimental factors, such as the initial pH value, temperature, content of quaternary ammonium groups, and dose of quaternized cellulose beads. The adsorption processes obtained were analyzed based on kinetic equations and isotherms. In addition, the HA desorption properties of the quaternized cellulose beads were estimated using different eluents for regeneration and reusability.




2. Materials and Methods


2.1. Chemicals


Porous cellulose beads, Viscopearl®PD-3002, were purchased from Rengo Co., Ltd. (Osaka, Japan). The characteristics of the cellulose beads are listed as follows from the nominal data: a diameter of 300 μm, a bulk specific gravity of 0.3 g/mL, a water content of 35 w/v%, and a porosity of 87%. GTMAC was supplied as an 80 vol% solution in water from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Other chemicals were used without further purification.




2.2. Quaternization of Cellulose Beads


First, about 5.0 g of cellulose beads were dispersed in a NaOH solution at 5 w/v% for 24 h. Then, to this mixture, GTMAC in a NaOH solution at 5 w/v% was added [21,22] to give a GTMAC concentration of 0.10–1.0 M. The mixtures were stirred for 2 h at 65 °C. After separation by decantation, the cellulose beads were washed with ion exchange water and acetone (each several times), followed by drying under reduced pressure for 24 h [21].




2.3. Determination of Content of Quaternary Ammonium Groups


After 0.05–1.0 g of the quaternized cellulose beads were mildly stirred in 20.0 mL of a HCl solution at 10.0 mM for at least 18 h under nitrogen atmosphere, the supernatants were titrated against a NaOH solution at 10.0 mM with bromothymol blue as a pH indicator. The content of quaternary ammonium groups per 1 g of the quaternary cellulose beads was calculated from the difference in the HCl concentration using Equation (1) [21]:


    A   quater   Qcell      ( mmol / g - Qcell )  =   ( 10.0 −   C   H C l   ) ⋅ 0.020     W   Qcell      



(1)




where CHCl (mM) is the concentration of HCl solution to which the quaternized cellulose beads were added; WQcell the weight of the quaternized cellulose beads (g). The quantities of 10.0 and 0.020 are the initial concentration (mM) and volume of HCl solution (L), respectively.



In addition, the content of quaternary ammonium groups per 1 g of the original cellulose beads was determined using Equation (2):


    A   quater   cell      ( mmol / g - cell )  =   ( 10.0 −   C   H C l   ) ⋅ 0.020     W   Qcell   −   W   Qcell   ⋅   A   quater   Qcell   ⋅    10    − 3   ⋅ ( 313.77 − 162.14 )    



(2)




where the quantities of 162.14 and 313.77 denote the molecular mass of an untreated AGU and quaternized AGU segments, respectively.




2.4. Analysis by FT-IR and XPS


The FT-IR spectra of the untreated and quaternized cellulose beads were measured by a JASCO (Tokyo, Japan) FT/IR-4100 spectrometer. The spectra were recorded at the resolution of 4.0 cm−1 with 16 scans across the range of 4000–500 cm−1. The core level spectra of C1s, O1s, N1s, and Cl2p were measured at 8 kV and 20 mA with MgKα radiation (hν = 1253.4 eV) on a Shimadzu ESCA 3400 X-ray photoelectron spectrometer (Kyoto, Japan). The binding energy was calibrated with the Au4f7/2 peak at BE = 83.8 eV.




2.5. Particle Distribution


The photographs (magnification of 150 times) of the untreated and quaternized cellulose beads were taken in the dry and water-swollen states using a Keyence VH-5500 microscope (Osaka, Japan) [21]. The diameters of 200 pieces of the untreated and quaternized cellulose beads were measured and the average particle size was calculated from the particle size distribution on the supposition that they were regarded as a sphere. The average particle size of quaternized cellulose beads immersed in HCl solutions at pH 3 and 6 was also determined in the same manner.




2.6. Water Content


At 25 °C, accurately weighed 0.5 g of untreated and quaternized cellulose beads were immersed in water and in HCl solutions at pH 3 and 6 for 24 h, and the weight was measured in the water-swollen state. The water content was calculated using Equation (3):


  water    concent   ( % ) =      W   wet   −   W   dry       W   wet     ⋅ 100  



(3)




where Wdry and Wwet (g) are the weight of quaternized cellulose beads in the dry and water-swollen states, respectively.




2.7. Preparation of HA Solutions


The HA solutions were prepared according to the procedure reported in our previous article [21]. About 0.125 g of HA was dissolved in about 450 mL of water. The insoluble components were removed by filtration, and then the filtrate was made up to 500 mL with water. The concentration of the stock HA solutions was determined from the difference between the weight of added HA and the weight of insoluble residues [22]. This solution was diluted to the concentration from 40 to 175 mg/L with water, and the pH value of the HA solutions was adjusted to 3–12 with HCl or NaOH. The HA concentration was determined by the absorbance measurements. The wavelength of 254 nm as an isosbestic point with the extinction coefficient of 12.58 dm3/g·cm was used in the range of pH 5–12. The extinction coefficients were 11.54 and 12.48 dm3/g·cm at pH 3 and 4, respectively.




2.8. HA Adsorption


The HA adsorption experiments were performed by varying the experimental conditions, such as the initial pH, temperature, dose of quaternized cellulose beads, and content of quaternary ammonium groups in the batch method. Unless otherwise described, 10 mg of quaternized cellulose beads were added to 50 mL of a HA solution at 100 mg/L, the pH value of which was adjusted to 3.0 or 6.0 beforehand at 25 °C. The absorbance was measured until equilibrium and the adsorbed amount was calculated using Equation (4) [21,22]:


   amount   of   adsorbed   HA ,   Qt   ( mg / g - Qcell )  =   (   C  0  −   C  t  ) ⋅ 0.050     W   Qcell      



(4)




where C0 and Ct are the HA concentration (mg/L) at time 0 and t, respectively. The quantity of 0.050 denotes the volume (L) of HA solution. In addition, the removal % of HA was obtained from Equation (5) using the initial concentration and the concentration at equilibrium (Ceq):


   removal   %  =   (   C  0  −   C   e q   )     C  0    ⋅ 100  



(5)








2.9. Analysis by Kinetics Equations


The kinetics of the adsorption process was analyzed by the pseudo-first-order and second-order equations shown in Equations (6) and (7), respectively [13,23,24]:


  ln    (    Q   e q   −   Q  t   ) =  ln     Q   e q   −   k  1  t  



(6)






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



(7)




where Qeq denotes the adsorbed amount at equilibrium, that is, the adsorption capacity. In addition, k1 and k2 are the pseudo-first-order rate constant and pseudo-second-order rate constant for adsorption, respectively.




2.10. Analysis by Adsorption Isotherms


The adsorption capacity obtained at different initial HA concentrations was analyzed according to Langmuir and Freundlich isotherms shown in Equations (8) and (9), respectively [13,25,26]:


      C   e q       Q   e q     =  1    K  L     ⋅ Q    max     +     C   e q       Q   max      



(8)




where Qmax is the maximum adsorption capacity and KL is the Langmuir adsorption constant related to the affinity of a binding site toward an adsorbate.


  log     Q   e q    =  log     K  F  +  1 n  log     C   e q    



(9)




where KF is the Freundlich constant related to adsorption capacity and 1/n is the empirical parameter related to the adsorption intensity, which varies with the heterogeneity of the material [27].




2.11. Desorption


The quaternized cellulose beads loaded with HA at pH 6 were transferred into NaOH solutions (V = 50 mL) at 10–200 mM at 25 °C and the absorbance at 254 nm was measured until equilibrium to calculate the desorbed amount. Desorption % was obtained by dividing the desorption amount by the adsorbed amount [21].





3. Results and Discussion


3.1. Preparation of Quaternized Cellulose


The procedure of preparation of quaternized cellulose beads with GTMAC was described in our previous article in detail [21]. Therefore, here, the results on the preparation of quaternized cellulose beads will be briefly described as follows. The content of quaternary ammonium groups increased with increasing the GTMAC concentration and increased to 0.524 mmol/g-Qcell, as shown in Figure 1. This corresponded to 0.569 mmol/g-cell, when the content of quaternary ammonium groups per 1 g of the untreated cellulose beads was calculated using Equation (2). This means that 9.23% of the AGUs were quaternized with GTMAC.



The FT-IR spectra and XPS core level spectra of the untreated and quaternized cellulose beads (0.231 mmol/Q-cell) are shown in Figures S1 and S2, respectively. A specific difference between them is the appearance of two peaks at 1416 and 1476 cm−1. The former corresponds to the stretching vibration of -C-N groups and the latter corresponds to the asymmetric bending of trimethyl groups of the quaternary ammonium species [22,28,29,30]. For the XPS analysis, a N1s peak assigned to -N+(CH3)3 groups at 402.7 eV and a Cl2p peak were observed for the quaternized cellulose beads [21,30,31]. Even when treated with NaOH, the N1s peak was little shifted and the Cl2p peak disappeared. These instrumental results indicate that quaternary ammonium groups were successfully formed on the surfaces of the cellulose beads according to the reaction shown in Scheme 1 [21].




3.2. Characterization of Quaternized Cellulose Beads


The water content was measured for quaternized cellulose beads with different contents of quaternization. As shown in Figure S3, the water content gradually increased with increase in the content of quaternary ammonium groups from 87.6% for the untreated cellulose beads and leveled off at higher than 0.25 mmol/g-Qcell. In addition, the particle size distribution is shown in Figure S4 for the quaternized cellulose beads with the quaternary ammonium groups of 0.380 mmol/g-Qcell in the dry and water-swollen states. The average particle sizes of the untreated cellulose beads were 0.298 mm (SD = 0.046 mm) and 0.395 mm (SD = 0.047 mm) in the dry and water-swollen states, respectively. As shown in Table S1, the average particle size remained unchanged, even when the content of quaternary ammonium groups increased.




3.3. HA Adsorption


3.3.1. Effect of pH


The effect of the pH value on the adsorption capacity and removal % was estimated for quaternized cellulose beads with the quaternary ammonium groups from 0.053 to 0.524 mmol/g-Qcell. As shown in Figure 2, the adsorption capacity decreased with an increase in the pH value from the maximum value at 3.0, with a sharp decrease at around pH 3.5–5 for the quaternized cellulose beads. On the other hand, the untreated cellulose beads adsorbed only 0.035 g/g-cell of HA at pH 3. In addition, they adsorbed little HA at pH values higher than 6.



HA is a macromolecular compound [32,33], and the chemical properties are different depending on the source and extraction method. In common, an HA molecule carries multiple carboxy and phenolic hydroxy groups, although its structure varies with the geographical origin, age, climate, and biological conditions [6,34,35,36]. Here, since the number of carboxy groups is higher than that of phenolic hydroxy groups in an HA molecule and carboxy groups are more acidic than phenolic hydroxy groups, the pKa value ranges from 4–6. Also, according to Shen et al., the pKa value of Aldrich HA has been reported to be 4.26 [37]. The degree of dissociation of negatively chargeable functional groups was calculated to be 5 and 98% at pH 3 and 6, respectively, from the Henderson–Hasselbalch equation. Since adsorption of HA on the quaternized cellulose beads occurs mainly through the electrostatic interaction between a dissociated carboxy group affixed to an HA molecule and a quaternary ammonium group on the quaternized cellulose beads, the dissociation of carboxy groups affixed to the HA molecules remaining in the outer solution will be promoted due to the decrease in the concentration of dissociated carboxy groups through the adsorption.



In contrast, the increase in the pH value from 4 leads to the increase in the dissociation of negatively chargeable functional groups on the HA molecules. Accordingly, the radius of gyration, or hydrodynamic radius, of an HA molecule will increase by the intra-molecular electrostatic repulsion [38,39]. Also, the intermolecular electrostatic repulsion will occur between HA molecules binding to the quaternized cellulose beads and ones present in the outer solution. Such behavior will bring the reduction of HA adsorption. In addition, in the range of pH values higher than 4, the pH value at equilibrium was more or less different from the initial pH value, as reported in our previous article [21] (Figure S5). In the range of pH 4–7, the pH value a little increased by HA adsorption. This would be caused by the decrease in the HA concentration due to HA adsorption. At higher than pH 7, the pH value decreased by HA adsorption. In particular, the decrease in the pH value was remarkable in the range of pH 9–11. Such pH dependence by HA adsorption has been reported in other articles [40,41,42,43,44].



To sum up the above discussion, the decrease in the adsorption capacity can be explained in terms of the following concepts. Chlorine ions are released into the outer solution through the adsorption of HA on the quaternized cellulose beads, whereby the counter ion of a quaternary ammonium group is exchanged from a chloride anion to a hydroxy anion [45]. In addition, as the pH value of the HA solution increases, the hydrodynamic radius of an HA molecule increases due to the intermolecular electrostatic repulsion between negatively charged functional groups [46].




3.3.2. Effect of Temperature


The effect of the temperature on HA adsorption was estimated for the quaternized cellulose beads with 0.095, 0.231, and 0.380 mmol/g-Qcell at pH 3 and 6. Figure 3 shows the changes in the adsorption capacity, removal %, initial rate of adsorption, and t1/2 value with the temperature. Here, t1/2 is defined as the time taken for the adsorbed amount to reach half of its equilibrium value [47]. The adsorption capacity remained almost unchanged against the temperature, whereas the initial rate of adsorption increased and the t1/2 value shortened with increased temperature. This indicates that adsorption behavior in this study depends on the temperature. Therefore, the kinetic analysis on the temperature dependence will be discussed in Section 3.4.2.




3.3.3. Effect of the Dose of Quaternized Cellulose Beads


The dose of quaternized cellulose beads is also a factor to affect the HA adsorption. Figure 4 shows the changes in the net adsorbed amount, adsorption capacity, and removal % with the dose of quaternized cellulose beads for the quaternized cellulose beads with 0.231 mmol/g-Qcell at pH 3 and 6. The adsorption capacity was constant at lower than 20 mg and then gradually decreased at further increased doses at pH 6. On the other hand, at pH 3, the adsorption capacity sharply decreased with an increase in the dose of quaternized cellulose beads. The removal % higher than 95% was obtained in the range of the dose of quaternized cellulose beads of higher than 30 mg at pH 3 and of higher than 40 mg at pH 6, respectively.



Figure 5 shows the changes in the net adsorbed amount, adsorption capacity, and removal % with the dose of quaternized cellulose beads with different contents of quaternary ammonium groups at pH 6. The net adsorbed amount was directly proportional to the added dose and the adsorption capacity was constant at 0.053 mmol/g-Qcell. The range of the added dose in which the net adsorbed amount was directly proportional to the added dose and the adsorption capacity was constant became smaller at higher added doses. At pH 6, the removal % higher than 95% was obtained at 0.231 mmol/g-Qcell. In addition, as the content of quaternary ammonium groups increased, the added dose to obtain the removal % higher than 95% decreased. The adsorption capacity and removal % increased with an increase in the content of quaternary ammonium groups at both pH 3 and 6, as shown in Figure S6. These results indicate that HA can be effectively and highly removed from aqueous medium by using quaternized cellulose beads with higher quaternary ammonium groups.





3.4. Kinetic Analysis


3.4.1. Effect of pH


The adsorption process at pH 3–12 for quaternized cellulose beads shown in Figure 2 was analyzed by the pseudo-first-order and pseudo-second-order models. The results were tabulated in Table 1 for the quaternized cellulose beads with 0.231 mmol/g-Qcell. The data were followed by the pseudo-first-order model within at least 10 min, or at most 40 min. Meanwhile, the data are well fit to the pseudo-second-order model for the immersion time of 5.5–7 h during which the adsorbed amount went up to 70–80% of the adsorption capacity with higher correlation coefficients. The values of adsorption capacity calculated by the pseudo-second-order equation were almost the same as the experimental values. These results indicate that the kinetics of HA adsorption in this study is followed by the pseudo-second-order equation. A high fit to the pseudo-second-order model suggests that the chemical interaction is responsible for HA adsorption.



Next, the effects of the pH value and temperature on HA adsorption will be discussed using the k2 values obtained by the pseudo-second-order equation. Figure 6 shows the changes in the initial rate of adsorption, t1/2 value, and k2 value with the initial pH value for quaternized cellulose beads with different contents of quaternary ammonium groups. The adsorption capacity decreased with increasing pH value. On the other hand, the k2 value increased with increasing pH value and reached the maximum at pH 6–7. In other words, a high k2 value was obtained due to the fact that adsorption reached equilibrium at a short time.



However, as the initial pH value increased, the initial rate as well as the adsorption capacity decreased due to the fact that the dissociation of carboxy groups on an HA molecule are facilitated [48]. For these reasons, the k2 value will gradually decrease with an increase in the pH value. In addition, the initial rate and t1/2 value were higher and it took longer time to reach the adsorption equilibrium at higher content of quaternary ammonium groups. Therefore, the higher the content of quaternary ammonium groups, the lower the k2 value. The diffusivity of HA molecules, which decreases with increasing pH value, would be also involved in HA adsorption [49].




3.4.2. Effect of Temperature


The results of pseudo-second-order analysis are shown in Table 2 for HA adsorption on the quaternized cellulose beads with 0.231 mmol/g-Qcell in the temperature range from 15 to 45 °C at pH 3 and 6. The calculated values agreed well with the values of adsorption capacity and the increase in the temperature led to the increase in the k2 value. In addition, the activation energy, E, was calculated from the Arrhenius equation shown in Equation (10).


      ln   k    2  = −  E  R T   + ln    A   



(10)




where A is a term that includes factors like the frequency of collisions (g/mol·s) and R is the universal gas constant (8.314 J/K·mol) [50,51,52].



Since a good linear relationship held between 1/T and ln k2, the activation energy was calculated from the slope. As shown in Figure 7, the activation energy decreased with an increase in the content of quaternary ammonium groups, and their values were much higher than 4.2 kJ/mol. If an adsorbate molecule is held on the adsorbent surface mainly by van der Waals type of interaction, the activation energy is usually no more than 4.2 kJ/mol [50,51,52]. Therefore, the results shown in Figure 7 indicate that HA adsorption on the quaternized cellulose beads is controlled by chemical reaction. In short, this synthesizes that HA adsorption will occur by the electrostatic interaction of a dissociated carboxy group on an HA molecule with a quaternary ammonium group on the quaternized cellulose beads through the ion exchange interaction. In addition, these results suggest that HA adsorption is facilitated by a lower energy barrier at pH 3 and/or at higher contents of quaternary ammonium groups. This supports that higher adsorption capacity was obtained at lower pH values and/or at higher contents of quaternary ammonium groups. In particular, the decrease in the activation energy shown in Figure 7 can result from the hydrophilization of the surfaces of the cellulose beads by introducing quaternary ammonium groups.




3.4.3. Effect of Dose of Quantized Cellulose Beads


The changes in the k2 value as well as the initial rate and t1/2 value with the dose of quaternized cellulose beads are shown in Figure 8. At 0.053 mmol/g-Qcell, both removal % and initial rate were directly proportional to the dose of quaternized cellulose beads, and t1/2 and k2 values were constant against the dose of quaternized cellulose beads. As the content of quaternary ammonium groups further increased, the initial rate became higher, whereas the t1/2 value also increased. Such a result is explained in terms of the fact that it takes longer time to attain the equilibrium at higher contents of quaternary ammonium groups. The initial rate increased in the case where the dose of quaternized cellulose beads was increased. At removal % higher than 80%, the t1/2 and k2 values could not be determined due to shortage of HA in the solution.



To summarize the above results, the k2 value depends on the initial pH, temperature, and content of quaternary ammonium groups, whereas little depends on the dose of quaternized cellulose beads [53,54,55]. Many articles on the effects of the above experimental factors on the k2 value have been published, and little has been reported on the k2 value in terms of the content of quaternary ammonium groups. Therefore, some novel findings can be shown on the kinetics for HA adsorption in this study.





3.5. Isotherm Analysis


The adsorption capacity was obtained at different HA concentrations for quaternized cellulose beads with 0.095, 0.231, and 0.380 mmol/g-Qcell at pH 3 and 6, and the equilibrium data were analyzed using Langmuir and Freundlich isotherm equations. Under the above conditions, the adsorption capacity increased and removal % decreased with increasing initial HA concentration.



The Langmuir and Freundlich isotherms in their linear forms are shown in Figure S7. The Langmuir isotherm provided a linear relationship with a high correlation coefficient for the quaternized cellulose beads with 0.231 mmol/g-Qcell. Therefore, the results obtained from Langmuir isotherm are summarized in Table 3 along with the other two quaternized cellulose beads. The adsorption processes followed the Langmuir isotherm with higher correlation coefficients. Higher Langmuir constants were obtained at pH 3 and/or at higher contents of quaternary ammonium groups. These results firmly support the fact that HA adsorption more successfully proceeds at lower pH values and/or at higher contents of quaternary ammonium groups. This means that the adsorption process is achieved through a stoichiometric reaction, or through the mechanism described in Section 3.4.2. Here, the maximum value of the Qmax value of 0.861 g/g was obtained at pH 3 for the quaternized cellulose beads with 0.380 mmol/g-Qcell. The comparison of this value with those in other articles will be discussed in Section 3.7.



In addition, the essential characteristic of Langmuir equation was discussed using the dimensionless separation factor, RL, defined by Equation (11) [56,57,58].


    R  L  = −  1     1 + K   L  ⋅   C  0     



(11)







Here, there are four possible outcomes of the RL value for the type of Langmuir isotherm, such as irreversible (RL = 0), favorable (0 < RL1), linear (RL = 1), or unfavorable (RL > 1).



In this study, the RL values lay between 0 and 1, as shown in Table 3. In addition, the RL value decreased as the pH value decreased and/or the content of quaternary ammonium groups decreased. These results suggest that the HA adsorption process is favorable and the quaternized cellulose beads can be regenerated and applied to the successive adsorption–desorption cycles.




3.6. Desorption of HA


The quaternized cellulose beads with 0.231 mmol/g-Qcell loaded with HA at pH 6 were immersed in NaOH solutions for desorption of HA [59]. The changes in the desorption % and desorption time with the NaOH concentration are shown in Figure 9. Here, the adsorbed amount of 0.155 g/g obtained by immersion for 15–16 h was almost constant (0.143–0.166 g/g). Higher desorption % values were obtained at higher NaOH concentrations and HA was completely released at higher than 100 mM. In addition, the desorption time was shortened with increasing NaOH concentration in the range of concentrations higher than 75 mM. Next, five cycles of adsorption at pH 6 and desorption in a 100 mM NaOH solution were successively performed. As shown in Figure 10, even when the adsorption and desorption cycle was repeated five times, desorption % was almost constant and desorption of HA successfully occurred in each cycle. It was found from this result that the quaternized cellulose beads were regenerated without considerable reduction in the adsorption capacity.




3.7. Comparison with Other Adsorbents


The adsorption capacity was 430 and 312 mg/g-Qcell, respectively, for the quaternized cellulose beads with 0.524 mmol/g-Qcell. The adsorption capacity of 575 mg/g was obtained at 175 mg/L and pH 3 for the quaternized cellulose beads with 0.380 mmol/g. These values were compared with ones published in other articles [6,14,40,43,44,48,60,61,62]. Here, one should bear in mind that the experimental parameters, such as the initial pH value, temperature, HA concentration, volume of HA solution, and dose of adsorbent, vary from article to article. The values of adsorption capacity obtained in other articles are summarized in Table 4 along with the important experimental conditions. Although it is difficult to compare our adsorption capacity with others, the adsorption capacity obtained in this study was far higher than many of the other adsorbents in spite of the fact that our HA concentration was lower than those in others. From these results, we can emphasize that the quaternized cellulose beads with a high adsorption capacity toward HA were prepared and they have a high potentiality as adsorbent for removal of HA from aqueous medium.





4. Conclusions


In this study, the quaternized cellulose beads with different content of quaternary ammonium groups were prepared and their HA adsorption behavior was investigated by varying the experimental conditions. In addition, the kinetic, isothermal, and thermodynamic studies were also performed for their application as a promising adsorbent. Since the FT-IR and XPS analysis showed the presence of quaternary ammonium groups on the cellulose beads, the content of quaternary ammonium groups was determined by back titration. The content of quaternary ammonium groups increased to 0.524 mmol/g-Qcell corresponding to 0.569 mmol/g-cell by increasing the GTMAC concentration. The adsorption capacity increased with a decrease in the pH value and the maximum adsorption capacity was obtained at pH 3.0. On the other hand, the increase in the temperature led to the k2 value obtained from the pseudo-second-order equation, while the adsorption capacity remained unchanged. The kinetics of HA adsorption obeyed the pseudo-second-order model and the adsorption capacity was well described by the Langmuir isotherm. These results emphasize that the HA adsorption will occur through the chemical bonding (interaction), or the electrostatic interaction between a dissociated carboxy group of an HA molecule and a quaternary ammonium group on the quaternized cellulose beads. The removal % value increased with the increase in the content of quaternary ammonium groups and/or the dose of quaternized cellulose beads. The removal % values over 90% were obtained by adding the quaternized cellulose beads with higher than 0.380 mmol/g-Qcell, indicating that HA was almost completely removed from the aqueous medium. The adsorption capacity obtained in this study was higher than those of other articles. In addition, the quaternized cellulose beads were repeatedly used without appreciable loss in the adsorption capacity. Finally, our study provides a new prospective on the sustainable purification of HA-containing waters with the quaternized cellulose beads and extends their application in environmental remediation. Therefore, our next target is to design and operate the fixed-bed adsorption systems for HA removal.
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Figure 1. Change in the content of quaternary ammonium groups introduced to the cellulose beads with the concentration of GTMAC for the reaction for 2 h at 65 °C in the presence of NaOH at 5 w/v%. 
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Scheme 1. The schematic representation of the quaternization of cellulose beads with GTMAC in the presence of NaOH. 
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Figure 2. Changes in the adsorption capacity with the initial pH value for the untreated cellulose beads (◇) and the quaternized cellulose beads with 0.053 (○), 0.095 (●), 0.156 (△), 0.231 (▲), 0.380 (□), and 0.524 (■) mmol/g-Qcell in a 100 mg/L HA solution at 25 °C. 
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Figure 3. Changes in the adsorption capacity and removal % (a,d), initial rate of adsorption (b,e), and t1/2 value (c,f) with the temperature at pH 3 (a–c) and 6 (d–f) for the quaternized cellulose beads at 0.095 (●), 0.231 (▲), and 0.380 (□) mmol/g-Qcell in a 100 mg/L HA solution at 25 °C. 
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Figure 4. Changes in the (a) net adsorbed amount, (b) adsorption capacity, and (c) removal % with the dose of quaternized cellulose beads with 0.231 mmol/g-Qcell at pH 3 (○) and 6 (△). 
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Figure 5. Changes in the (a) net adsorbed amount, (b) adsorption capacity, and (c) removal % with the dose of quaternized cellulose beads at 0.053 (○), 0.095 (●), 0.156 (△), 0.231 (▲), 0.380 (□), and 0.524 (■) mmol/g-Qcell and for the untreated cellulose beads (◇) in a 100 mg/L HA solution at pH 6.0. 
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Figure 6. Changes in the (a) initial rate of adsorption, (b) t1/2, and (c) k2 with the initial pH value for the quaternized cellulose beads with 0.053 (○), 0.095 (●), 0.156 (△), 0.231 (▲), 0.380 (□), and 0.524 (■) mmol/g-Qcell in a 100 mg/L HA solution. 
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Figure 7. Changes in the activation energy with the content of quaternary ammonium groups at pH 3.0 (○) and 6.0 (△). 
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Figure 8. Changes in the (a) initial rate of adsorption, (b) t1/2, and (c) k2 with the dose of quaternized cellulose beads at 0.053 (○), 0.095 (●), 0.156 (△), 0.231 (▲), 0.380 (□), and 0.524 (■) mmol/g-Qcell in a 100 mg/L HA solution at pH 6.0. 
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Figure 9. Changes in the desorption % and desorption time with the concentration of NaOH for the quaternized cellulose beads with 0.231 mmol/g-Qcell at 25 °C. 
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Figure 10. The repetitive cycles of adsorption in a 100 mg/L HA solution at pH 6.0 and desorption in a 100 mM NaOH solution for the quaternized cellulose beads with 0.231 mmol/g-Qcell at 25 °C. 
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Table 1. Kinetic parameters calculated pseudo-first-order and pseudo-second-order equations for adsorption of HA on the quaternized cellulose beads with 0.231 mmol/g-Qcell at pH 3–10.
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Pseudo-First Order

	
Pseudo-Second Order




	
pH

	
    Q  e q   e x p     

	
    Q  e q   c a l     

	
k1

	
R2

	
Range

	
    Q  e q   c a l     

	
k2

	
r2

	
Range




	

	
(g/g-Qcell)

	
(g/g-Qcell)

	
(1/h)

	

	
(min)

	
(g/g-Qcell)

	
(g/g·h)

	

	
(h)






	
3.0

	
0.359

	
0.350

	
1.67

	
0.9088

	
5

	
0.358

	
2.17

	
0.9961

	
6.58




	
4.0

	
0.314

	
0.299

	
0.55

	
0.9973

	
30

	
0.318

	
2.12

	
0.9970

	
6.75




	
5.0

	
0.218

	
0.211

	
1.38

	
0.9675

	
20

	
0.220

	
2.94

	
0.9993

	
5.67




	
6.0

	
0.194

	
0.191

	
0.50

	
0.9952

	
40

	
0.193

	
3.08

	
0.9996

	
5.93




	
7.0

	
0.191

	
0.199

	
0.47

	
0.9817

	
30

	
0.197

	
2.83

	
0.9975

	
6.50




	
8.0

	
0.194

	
0.188

	
0.63

	
0.9733

	
25

	
0.191

	
3.76

	
0.9996

	
4.83




	
9.0

	
0.183

	
0.190

	
1.23

	
0.9938

	
5

	
0.180

	
2.96

	
0.9976

	
6.33




	
10.0

	
0.167

	
0.178

	
0.44

	
0.9786

	
40

	
0.175

	
2.86

	
0.9917

	
6.75




	
11.0

	
0.166

	
0.160

	
0.50

	
0.9635

	
30

	
0.169

	
2.83

	
0.9991

	
6.33




	
12.0

	
0.128

	
0.137

	
0.44

	
0.9489

	
30

	
0.148

	
1.91

	
0.9952

	
5.67











 





Table 2. Kinetic parameters calculated by the pseudo-second-order equation for adsorption of HA on the quaternized cellulose beads with 0.231 mmol/g-Qcell at 15–45 °C.






Table 2. Kinetic parameters calculated by the pseudo-second-order equation for adsorption of HA on the quaternized cellulose beads with 0.231 mmol/g-Qcell at 15–45 °C.





	

	

	
at pH 3.0




	
Temp.

	
   Q  e q   e x p    

	
   Q  e q   c a l    

	
k2

	
r2

	
Range




	
(°C)

	
(g/g-Qcell)

	
(g/g-Qcell)

	
(g/g·h)

	

	
(h)




	
15

	
0.345

	
0.338

	
1.46

	
0.9872

	
5.50




	
25

	
0.359

	
0.358

	
2.17

	
0.9961

	
6.58




	
35

	
0.344

	
0.342

	
2.29

	
0.9991

	
6.58




	
45

	
0.340

	
0.336

	
2.59

	
0.9962

	
6.08




	

	

	
at pH 6.0




	
Temp.

	
   Q  e q   e x p    

	
   Q  e q   c a l    

	
k2

	
r2

	
Range




	
(°C)

	
(g/g-Qcell)

	
(g/g-Qcell)

	
(g/g·h)

	

	
(h)




	
15

	
0.194

	
0.194

	
2.01

	
0.9969

	
6.67




	
25

	
0.194

	
0.193

	
3.08

	
0.9996

	
5.93




	
35

	
0.180

	
0.181

	
5.88

	
0.9994

	
6.83




	
45

	
0.182

	
0.179

	
8.77

	
0.9932

	
6.98











 





Table 3. The Langmuir and Freundlich parameters for adsorption of HA on the quaternized cellulose beads with 0.095, 0.231, and 0.380 mmol/g-Qcell at pH 3.0 and 6.0.






Table 3. The Langmuir and Freundlich parameters for adsorption of HA on the quaternized cellulose beads with 0.095, 0.231, and 0.380 mmol/g-Qcell at pH 3.0 and 6.0.





	
    A  q u a t e r   Q c e l l     

	
pH

	
C0

	
Qmax

	
KL

	
r2

	
RL




	
(mmol/g-Qcell)

	

	
(mg/L)

	
(g/g-Qcell)

	
(L/mg)

	

	
(-)






	
0.095

	
3.0

	
55.2–148.8

	
0.431

	
0.0196

	
0.9877

	
0.255–0.480




	

	
6.0

	
50.8–146.6

	
0.119

	
0.0188

	
0.9916

	
0.266–0.512




	
0.231

	
3.0

	
65.4–153.3

	
0.770

	
0.0279

	
0.9851

	
0.189–0.354




	

	
6.0

	
77.8–149.8

	
0.354

	
0.0196

	
0.9970

	
0.254–0.396




	
0.380

	
3.0

	
82.7–175.9

	
0.861

	
0.0308

	
0.9977

	
0.156–0.282




	

	
6.0

	
80.3–177.6

	
0.487

	
0.0151

	
0.9937

	
0.184–0.332











 





Table 4. The comparison with HA adsorption capacities of adsorbents reported in other articles.






Table 4. The comparison with HA adsorption capacities of adsorbents reported in other articles.





	
Adsorbent

	
pH

	
Temp.

	
HA Conc.

	
Dose

	
Qexp

	
Qmax

	
Ref.




	

	

	
(°C)

	
(mg/L)

	
(g/L)

	
(mg/g)

	
(mg/g)

	






	
Quaternized cellulose beads

	
3.0

	
25

	
100

	
0.20

	
430

	

	
this study




	
with 0.524 mmol/g-Qcell

	
6.0

	
25

	
100

	
0.20

	
312

	

	




	
Quaternized cellulose beads

	
3.0

	
25

	
175

	
0.20

	
575

	
861

	




	
with 0.524 mmol/g-Qcell

	
6.0

	
25

	
100

	
0.20

	
365

	
487

	




	
Zeolite-coated zero-valent iron particles

	
3

	
25

	
100

	
0.10

	
42.1

	
36.23

	
[6]




	
Activated carbon from rice husks

	
6.5

	
25

	
10

	
1.0

	
27.4

	
30.4

	
[14]




	
Aminated polyacrylonitrile fibers

	
6

	
22–23

	
50

	
2.0

	
9.7

	
16.22

	
[40]




	
Surfactant-modified chitosan/zeolite

	
7

	
30

	
90

	
0.50

	
164

	

	
[43]




	
PDMAEMA/pumice composite hydrogel

	
4.0

	
20

	
50

	
0.50

	
59.72

	

	
[44]




	
Al3+-based metal organic framework

	
natural

	
30

	
25

	
0.50

	
33.67

	
115.5

	
[48]




	
PEI modified magnetic graphite

	
6.5

	
20

	
21

	
0.25

	
39.76

	
50.68

	
[60]




	
Amine-modified silica aerogel

	
5.0

	
5

	
250

	
1

	
235.5

	

	
[61]




	
Cobalt-based metal–organic framework

	
6

	
32

	
50

	
0.50

	
89.72

	

	
[62]
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