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Abstract

:

A hierarchical zeolite ZSM-5 with micro and meso-pore was prepared by optimising the most affecting parameter in sequence of desilication and dealumination. The physicochemical properties of zeolite were characterised with XRD, nitrogen adsorption–desorption, FTIR and SEM. The potential of this zeolite for decolorisation of CR, RY, MB, RhB, DB-1 and DB-14 was evaluated with adsorption isotherm, thermodynamics, kinetics, and influencing parameter for adsorption. The unique modification of ZSM-5 resulted in lower crystallinity, easier porosity control, rich terminal silanol and unbridged silanol groups which assisted in higher adsorption capacity. The adsorption capacity of the optimum ZSM-5 was 323, 435, 589, 625, 61 and 244 mg/g for CR, RY, MB, RhB, DB-1 and DB-14, respectively. The dye adsorption progressed through pseudo-first-order kinetic and close to the Langmuir model. The adsorption mechanism is proposed mainly through interaction between deprotonated silanol site and the electron-rich dye site.
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1. Introduction


Increasing population and life standards of modern people in the past decade demand for establishing various industries such as leather, plastics, cosmetics, paper, rubber, printing inks, paints, and etc. These industries were developed in many countries, which sometimes discharge their pollutants to the environment. One of the serious hazardous contaminants is the synthetic dyes that generally consist of conjugated organic molecules [1]. Although the amount of dye discharge was not clearly reported in any industry, but it must be large considering the reported environmental issue. The dyes discharge worldwide was predicted at around 700,000 tonnes per year which is 70% of the dye production [2]. These compounds usually absorb sunlight radiation and block the penetration to water, then limiting the growth of aquatic life. Additionally, many of synthetic dyes are carcinogens in certain concentration [3].



Generally, based on its solubility, dyes could be classified as soluble and insoluble. The soluble dye consists of reactive, mordant, acid, alkaline while the insoluble dyes are azo, sulphur, disperse and vat. From these categories, acid, alkaline reactive and disperse are the most common dye industry worldwide [4]. In brief, the removal of synthetic dyes received enormous interest in recent years with escalating concern to environmental protection.



There are many techniques for dye removal including biological [5], coagulation [6], membrane separation [7], flocculation [8] and adsorption [9]. Adsorption is considered as the most feasible method because of its ability to remove various pollutants at affordable cost with excellent stability and high surface area [10]. The common adsorbents are carbon, clays, polymeric substances and zeolite. Zeolite is a crystalline alumino-silica having microporous structure with exchangeable cations. However, the small pore zeolite restricted the diffusion of reagents, thus limiting its efficiency [11].



Zeolite could be categorised as large, medium and small pore. This classification distinguishes each other with the pore sizes in the range 0.60–0.85, 0.46–0.6 and 0.30–0.40 nm for large, medium and small zeolite, respectively [12]. ZSM-5 is among the most widely produced zeolitic material which is prominent in oil catalytic cracking. The synthesis protocol for production of ZSM-5 still attracted many researchers with elevating chemical needs from oil. Our group has successfully produced ZSM-5 from abundant feedstock such as kaolin [13] and rice husk [14]. The zeolite that was produced from metakaolin has potential to be used as an adsorbent as reported in literature [15].



The main limitation of the widely used ZSM-5 was related to its microporous nature. One method to improve reagent diffusion could be achieved by producing zeolite with various porosity which is known as hierarchical [16]. To the best of our knowledge, only limited studies investigating the potency of hierarchical zeolites as adsorbent for removal of dyes have been published. By using hierarchical zeolites, dyes molecules diffusion could be easier and with more accessible surface area that supposedly increases the removal efficiency. There are two general approaches to produce hierarchical zeolites namely bottom-up [17] and top-down [18]. Bottom-up have several limitations such as poor mechanical strength, complicated to control secondary porosity, time consuming and limited template [19]. Thus, top-down method seems promising, especially for scale-up production and hindered previous problem.



Although zeolite production with top-down was reported in several literatures [20,21,22], but still a few studies included sequence route of desilication-dealumination with details on the interaction between adsorbent and discharged dye. This study aims to investigate the optimum condition to produce hierarchical ZSM-5 with initial breakthrough of textile effluents in industry, especially in handling insoluble dyes.




2. Results and Discussions


2.1. Crystallinity and Phase Purity


In this study, we optimised first the concentration of NaOH and CH3COOH to produce the hierarchical ZSM-5 from commercial ZSM-5. The optimum concentration was estimated by identifying the XRD intensity of the samples which is proved as a simple method to distinguish zeolite crystallinity [23]. Figure S1 exhibits the crystallinity of ZSM-5 based on Equation (2) as follows,


   %   Crystallinity   =      I  s a m p l e      I  r e f      × 100 %  



(1)







Figure 1 displays XRD diffractogram of the adsorbents that consist of (a) ZSM-5comm, (b) ZSM-5deAl, (c) ZSM-5deSil and (d) ZSM-5deSil-deAl. The peaks appeared at 2θ 7.96, 8.83, 23.18, 23.99 and 24.45. This pattern matched with pure MFI type zeolite without any other amorphous or crystalline impurities [24,25]. The pattern exhibited no significant changes after the treatment which shows that zeolite still maintained the MFI structure. However, the crystallinity decreased as follow: ZSM-5deAl-deSil < ZSM-5deAl < ZSM-5deSil < ZSM-5comm. The decreasing crystallinity could be correlated with silica and alumina removal from zeolite framework. This trend is similar with previous studies where peak broadening and decreasing intensities are consequences of mesopore generation that led to the creation of hydroxyl cavities and scission of Al–O bonds [26,27]. This study also verified that the treatment in NaOH has lower impact to crystallinity compared to CH3COOH signifying its effective ionic removal from the zeolitic framework. Lastly, the lowest intensity in ZSM-5deAl-deSi may be caused by the removal of both silica and alumina within the framework.




2.2. Textural Properties


Figure 2a shows isotherm of nitrogen adsorption–desorption for (a) ZSM-5comm, (b) ZSM-5deAl, (c) ZSM-5deSil, and (d) ZSM-5deSil-deAl. The ZSM-5comm follows type I isotherm with loop H3 which may be assigned to microporous structure. Then, after the treatment, hysteresis loop became more intense at P/Po higher than 0.5 with vertical fracture at P/Po < 0.2 and P/Po > 0.9 indicating the formation of mesoporous structure and micropore respectively. This also signifies that larger pore formation could be originated from inter-crystalline pore structure [26].



Table 1 shows surface area and pore volume of the adsorbents. A decreasing trend of Sext is monitored after the treatment with an increase of SBET attributing to the creation of new pore or formation of larger pore. The SBET of ZSM-5deAl is smaller than ZSM-5comm which may be due to micropore blockage from alumina fragment in zeolite framework. Pore size distribution of the adsorbents is displayed in Figure 2b. The surface area of ZSM-5comm is mainly due to the micropore structure with pore size of 0.56 nm. Then, the amount of micropore decreased after the treatment as the dissolving alumina and silica may be crystallized as terminal parts of the crystal structure. Meanwhile, the amount of mesopore in the range of 4–5 nm increased and reached the optimum for ZSM-5deSil-deAl indicating the significance of production route as reported by Akhtar et al. [28].



An interesting phenomenon is observed during the treatment with alkaline solution. The alkaline treatment requires high concentration of NaOH (0.25 M) compared to 0.01 M of CH3COOH in acidic treatment. Low concentration of NaOH (0.01 M) could not form any mesopore structure with the ability to increase the pore size from 0.56 to 1 nm (data not shown here). Thus, lower concentration of NaOH is not effective to produce hierarchical ZSM-5. This phenomenon could be explained as follows. Alkaline treatment has higher tendency to react with Si4+ because of its stronger acidity. Meanwhile, some of Al3+ reacted with silanol groups and blocked some of the micropore structure. The remaining Al3+ lead to agglomeration and formed bigger size of mesopore structure. On the contrary, low concentration of CH3COOH is preferable for acid treatment as the zeolite framework may collapse at high concentration. For the combination of alkali and acid treatment, some of the Al3+ and Si4+ were removed from ZSM-5 framework and resulted in the generation of more mesoporous structure. Then, to further verify the content of Al3+ and Si4+, the ZSM-5 after each treatment was washed with water and acetic acid glacial, and the result is listed in Table 2. It is clearly seen that some of the Al3+ are trapped in ZSM-5 framework without combination of alkali and acid treatment. This result also strengthened that removal of Si4+ and Al3+ and contributed to new pore formation as presented in Figure 3.




2.3. Vibrational Spectroscopy


The FTIR spectra of the adsorbents is depicted in Figure 4a. The peaks of commercial ZSM-5 and hierarchical ZSM-5 appeared at 455, 543, 790, 1087 and 1218 cm−1 [13]. The band at 455 cm−1 correspond to internal framework of T–O–T, where T is both Al and Si. Meanwhile, the peak at 543 cm−1 is assigned to pentasil ring vibration of MFI zeolite topology of which the high intensity could be correlated to its high crystallinity. Then, the peak at 1218 cm−1 contributed to the external asymmetric stretching vibration of five-membered rings [29]. Finally, the peak at 1087 cm−1 is characteristic of silanol groups which could be deconvoluted to three peaks namely 1078, 1087 and 1090 cm−1 as presented in S2. These peaks originated from asymmetric stretching vibration of Si–O–Si, Si–OH and un-bridge Si–O [30]. The Gaussian peak area for terminal Si–OH and un-bridge Si–O as presented in Figure 4b increased and reached a maximum value in ZSM-5deSil-deAl confirming the destruction of some alumina-silica framework and aligned with XRD and nitrogen adsorption–desorption studies.




2.4. Adsorbent Morphologies


The morphological structures of the adsorbents are presented in Figure 5. According to SEM, it can be inferred that the treatment did not bring any significant changes to the crystal size. The crystal size does not differ distinctly as also confirmed with XRD. However, the surface of ZSM-5 changes from fine to coarse after the treatment. This change may be due to formation of new pores which consisted of meso and macropore structure after the treatment. This result is in line with the XRD result and nitrogen adsorption-desorption. The silicium and alumina ion within ZSM-5 framework may dissolve, thus decreasing the surface of inter-crystalline structure and forming new pores with various sizes.




2.5. Adsorption Study


Adsorption isotherm study is crucial in designing efficient adsorbent for certain adsorbate. In this study, the adsorption capacity was verified by fitting experimental data with Langmuir model. In Langmuir model, it was hypothesised that the dye adsorption occur in monolayer on the surface of adsorbent. This model also proposes that adsorbate molecules have no interaction with each other. The Langmuir model is expressed in Equation (3) [31].


      C e     Q e        =      C e     Q m        +    1   Q m       k L    



(2)




where Ce and Qe are the dye concentration in solution at equilibrium and the amount of adsorbed dye at equilibrium, respectively. Meanwhile, kL denotes the Langmuir constant and Qm as maximum adsorption capacity. After plotting Ce/Qe vs. Ce, kL and Ce/Qe could be obtained from intercept and slope. From Table 3, it can be clearly observed that R2 is larger than 0.99 indicating the appropriateness of the model. Hence, we can assume that dye adsorption occur as a monolayer on the surface of the adsorbent.



2.5.1. Adsorption Thermodynamics


The elaboration of the adsorption thermodynamics is crucial in understanding the energetic changes during certain processes. Some thermodynamic parameters such as Gibbs free energy (ΔG), enthalpy (ΔH) and entropy (ΔS) were calculated using Equations (5) and (6). Three different temperatures namely 303, 313 and 323 K were utilised to calculate the contributing thermodynamic parameters [32].


ΔG = −RT ln KL



(3)






   ln   (  K L  )   =     Δ S  R      −     Δ H   R T     



(4)




where KL as Langmuir equilibrium constant and R as gas constant (8.314  ×  10−3 kJ mol/K). Then, ΔS and ΔH were calculated from intercept and slope by plotting 1/T vs. ln KL, respectively.



All of the thermodynamic parameters are presented in Table 4 and Figure 6. Increasing temperature, increased the equilibrium constant (K) indicating elevating amount of dye over the adsorbent surface. The adsorption process in this study is considered as a spontaneous reaction because of negative value of free Gibbs energy (ΔG). Then, the positive enthalpy (ΔH) assigning to endothermic reaction is favourable to high temperature. The ΔH increased in this order DB-1 < DB-14 < CR < RY < MB < RhB which displays the same order as dye polarity. This trend is similar with Brião et al. where increasing dipole moment between adsorbent and dye resulted in higher adsorption capacity [33]. DB-1 and DB-14 are categorised as insoluble dyes, while the remaining are soluble dye. However, the solubility of DB-14 (38 µg/L) is much higher than DB-1 (19 µg/L). The lower the solubility of DB-1, the lower the interaction with the adsorbent. Hence, removal of DB-1 is the lowest compared to other dyes.




2.5.2. Effect of pH


pH is one of the important parameters in adsorption studies that affects the surface interaction between adsorbent and pollutant. The adsorption studies were conducted at various pH values in the range of 3–10. Figure 7 exhibits increasing adsorption capacity with increasing pH for CR, RY, MB and RhB. The repulsive force between adsorbent and dyes occur in acidic solution because of the same charge, lowered the interaction between the adsorbent and dyes, thus resulting in low adsorption capacity. Meanwhile, in alkaline solution the ZSM-5 is negatively charged, while the dyes are in positively charge. Hence, it favours electrostatic interaction and facilitates more adsorption [34,35]. In this study, the optimum pH for MB was achieved at 7, while CR, RY and RhB were at pH 8. This result is in line with the result from pH point of zero charge (pHpzc) as tabulated in Table 1 and listed in S3.




2.5.3. Effect of Initial Dye Concentration


Figure 8 displays the dye decolorisation result for the effect of initial dye concentration performance. The initial MB concentrations are 60, 100, 150, 200 and 250 ppm. It is depicted that dye removal decreased with increasing initial concentration. At low concentration, the adsorbent active sites may be sufficient to accommodate almost all the dye molecules [36]. But, the amount of adsorbent active sites in high dye initial concentration may be limited, thus limiting the dye removal activity. This result is similar with Saravanan et al., where dye initial concentration is inversely proportional to dye decolorisation [37].




2.5.4. Effect of Adsorbent Type


The interaction between dye and adsorbent is another affecting parameter for dye removal and presented in Figure 9. The surface area of ZSM-5comm is mainly contributed from micropore structure as presented in Table 5, thus limiting the penetration to only small molecules. Then, the surface area decreased in ZSM-5deAl, followed by increasing the amount of macropore. Although the macropore structure is beneficial to penetration of larger molecules, but some of internal surface area may be blocked and decrease the dye-adsorbent interaction. The optimum adsorption performance is obtained when the adsorbents consist of micro, meso and macro as reported elsewhere [38,39]. This result is in line with this study where ZSM-5deSil-deAl showed best performance. In addition to unique pore characteristics, the optimum ZSM-5 also exhibits highest amount of silanol groups and unbridged Si–O, as evidenced by FTIR deconvolution, which may also assist in dye removal.




2.5.5. Adsorption to Various Dyes


The robustness of the adsorbents in this study was investigated for various dyes. In general, the adsorption capacity increased at initial reaction and reached a steady condition after 100 min. The steady condition occurred because of equilibrium surface interaction between adsorbents and pollutants. The adsorption behaviour of soluble dyes is more regular compared to insoluble dyes with porosity changes of ZSM-5. This may be due to adsorption competition between dye and solvent, thus limiting the dye penetration to adsorbent surface area. The dye adsorption in this study followed Langmuir isotherm, thus adsorbent surface area and functional group interaction of the dyes are influencing factors for the adsorption process, instead of solely directly proportion to dye sizes. The result indicated excellent adsorption performance of the ZSM-5deSil-deAl in decolorisation of CR (322.581 mg/g), RY (434.783 mg/g), MB (588.23 mg/g), RhB (625 mg/g), DB-1 (60.606 mg/g) and DB-14 (243.902 mg/g) which are comparable to well-known adsorbent [40] as presented in Table 6. The excellent performance may be due its rich surface charge, porous structure and high specific surface area. The presence of micro, meso and macro-pore structure in ZSM-5 also eases adsorption to various dyes.





2.6. Adsorption Kinetics


Adsorption kinetics is a general approach to identify rate-controlling step and adsorption rate for certain reaction. There are three methods to investigate the adsorption process in this study namely pseudo first, pseudo second and intra-particle diffusion. The rate constant for the studied dyes of several adsorbents were elaborated using following Equations (6)–(9) [47].


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



(5)






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



(6)






  r =    k 2   Q e 2   



(7)




where Qe (mg/g) and Qt (mg/g) are adsorption at equilibrium and at t time, respectively. Meanwhile, k1 and k2 are rate constant for pseudo first and second with r as the reaction rate (mg/(g min)).



The rate-determining step is calculated with Weber–Moris intraparticle model as follows


Qt = kP t1/2 + C



(8)




where kP and C are rate constant of Weber–Moris and constant of boundary layer thickness, respectively.



Figure S4 summarises the kinetic parameters from pseudo-first and pseudo-second model. The adsorption process in this study occurs based on pseudo first model as its higher correlation coefficient (R2). Then, intra-particle diffusion could not be used as a definite model because of low R2 (0.88–0.93) which showed that pore topologies is not the main influencing parameter. Thus, we suspected the interaction between dye molecules and adsorbent as the most crucial to be comprehend in this study.




2.7. Adsorption Mechanism


The proposed adsorption mechanism of this study is presented in Figure 10. The strong attraction may occur between deprotonated silanol or aluminol groups and electron-rich site of dyes that led to fast adsorption studies in the first stage. At the same stage, medium attraction may also promote adsorption where delocalised π electron in dye benzene ring is attracted to hydrogen atoms in the adsorbents. In addition, hydrogen bond may also contribute to the dye removal. Hydrogen bond is an intermolecular interaction between hydrogen atoms that exhibits low electronegativity to atoms with high electronegativity such as F, O and N. In this study, the adsorbent with many hydrogen atoms could interact with oxygen or nitrogen atoms in dye. Additionally, the hydrogen of the hydroxyl groups in dye could be attracted to oxygen in the adsorbents. The result from FTIR studies of fresh and spent adsorbent as presented in S5 proved the interaction in the functional groups as indicated by decreasing the intensity of spent adsorbents. Then, after a certain time, the adsorption experienced steady condition. This resulted in to equilibrium reaction between adsorbent and dye or the surface of adsorbents fully covered with dye, thus slowing the adsorption process. The similar mechanism was reported by Ouachtak et al. and validated molecular dynamics simulation [46].





3. Materials and Methods


3.1. Materials


Commercial ZSM-5 was purchased from Jianxi-China with Si/Al ratio of 50 (H-ZSM-5) (Jianxi Tianhang Chemical Industry Co., Ltd.). Sodium hydroxide (NaOH), acetic acid (CH3COOH), ammonium hydroxide (NH4OH) and hydrochloric acid (HCl) were obtained from Merck Sdn Bhd, Selangor, Malaysia. Distilled water was used throughout the experiment and chemical reagents were used without further purification.




3.2. Synthesis Hierarchical ZSM-5


The powder of commercial ZSM-5 was dried at 110  ° C to remove excess of water prior to use. There are three routes to produce hierarchical ZSM-5 in this study namely dealumination, desilication and combination of desilication-dealumination. In desilication, variable NaOH concentrations (0.05, 0.1, 0.25, 0.5 and 1 M) were added to ZSM-5 with weight ratio of 30:1. This suspension was then stirred at 500 rpm and 65  ° C with certain time intervals (30, 60, 120 min). Subsequently, the precipitate was dried at 105  ° C for 12 h. The volatile compounds and water were removed at this stage, which produced Na-ZSM-5. Meanwhile, dealumination was conducted using various concentrations of CH3COOH (0.001, 0.01 and 0.05 M) with powder to solution ratio of 1:20. The suspension was heated at 60  ° C for 3 h, dried at 105  ° C and calcined at 550  ° C to remove the impurities. Finally, the combination of alkaline and acidic treatment was conducted at their optimum concentration with the same experimental steps. For simplicity, the commercial ZSM-5, desilicated ZSM-5, dealuminated ZSM-5 and combination of dealumination and desilication were denoted as ZSM-5comm, ZSM-5deSil, ZSM-5deAl and ZSM-5deSil-deAl, respectively.




3.3. Adsorbents Characterisation


The nitrogen adsorption–desorption was conducted using Quantachrome Novatouch LX3 (Palm Beach County, Florida, FL, USA). Brunnauer-Emmet Teller (BET) was used to calculate surface area, while pore volume and pore size were estimated using Barret, Joyner and Halenda (BJH). The functional groups interaction before and after treatment were studied with Fourier-transformation infrared (FTIR) Shimadzu 8400 (Parkin Elmer, Frontier, Waltham, Massachussets, MA, USA) at wavelength scan of 500–4000 cm−1. Meanwhile, the crystallinity of zeolite was analysed by X-ray diffraction (XRD) JEOL JDX-3530 (PANalytical X’pert PRO, Amsterdam, Netherlands) in the range of 5–50° with scan rate of 0.04  ° /s. Finally, the morphology of ZSM-5 adsorbents was elucidated with scanning electron microscopy (SEM) (JEOL, Tokyo, Japan) at 20 kV. The sample was coated with Pd/Au before the analysis to obtain clearer images.




3.4. Batch Adsorption Studies


The adsorption studies of the sample were carried out by using several soluble and insoluble dyes. The soluble dyes consist of Congo red (CR), Reactive Yellow 186 (RY-186), Rhodamine Blue (RhB) and Methylene Blue (MB) (Merck Sdn Bhd, Selangor, Malaysia). Meanwhile, Disperse Blue 1 (DB-1) and Disperse Blue 12 (DB-12) (Merck Sdn Bhd, Selangor, Malaysia) were utilised as model of insoluble dyes. The characteristics of the studied dyes are displayed in Table 5. For adsorption studies, 0.05 g of adsorbents were dissolved to 50 mL of dye with certain concentration (60, 100, 150, 200 and 250 ppm) at 30  ° C. The stirring rate was accelerated from 60 rpm to 150 rpm after complete mixing of adsorbent and dye with contact time in the range of 5–180 min. The accuracy of the data was confirmed by repeating each experiment three times. Then, the adsorption capacity was calculated based on Equation (1).


Adsorption capacity (qe) = (Ci − Cf) × V/M



(9)




where Ci and Cf are initial and final concentration of dye (ppm), while V and M are volume of solution and mass of the adsorbent, respectively.





4. Conclusions


Hierarchical ZSM-5 was produced via top-down approach with fine-tuning properties. The optimum concentration for a sequence desilication and dealumination was determined from XRD crystallinity. After the treatment, the XRD peaks still maintained similar characteristic indicating non-destructive treatment with the existence of micro, meso and macro as identified with N2 adsorption–desorption. FTIR deconvolution studies revealed increasing intensity of terminal Si–OH and un-bridge Si–O after the treatment which enlightened the process for unique pore formation. Then, various parameters such as effect of pH, effect of initial dye concentration and effect of adsorbent type were elucidated with detail studies on isotherm, thermodynamic and kinetic. The adsorption process in this study occurs via Langmuir model with pseudo-first order kinetics. Finally, the adsorption mechanism is believed mostly as a result of electrostatic interaction, hydrogen bonding and van der Walls force.
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Figure 1. XRD pattern of (a) ZSM-5comm, (b) ZSM-5deAl, (c) ZSM-5deSil (d) ZSM-5deSil-deAl. (*) refer to peaks at 7.96, 8.83, 23.18, 23.99 and 24.45. 
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Figure 2. (a) N2 isotherm adsorption desorption of the adsorbent, (b) pore size distributions of adsorbents. 
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Figure 3. Transformation from microporous to hierarchical ZSM-5 (dotted circle refers to new porosity formation). 
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Figure 4. (a) FTIR results for all adsorbents (b) Gaussian peak area of 1087 cm−1. 
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Figure 5. Morphologies of the adsorbents (a) ZSM-5comm (b) ZSM-5deAl (c) ZSM-5deSil (d) ZSM-5deSildeAl. 
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Figure 6. Graph plot of 1/T vs. ln kL. 
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Figure 7. Effect of pH in dye decolorisation over ZSM-5deSil-deAl. 
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Figure 8. Effect of initial MB concentration over the adsorbents (a) ZSM-5comm (b) ZSM-5deAl (c) ZSM-5deSil (d) ZSM-5deSil-deAl. 
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Figure 9. Effect of adsorbent type for MB decolorisation with ZSM-5deSil-deAl. 
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Figure 10. Proposed mechanism for dye adsorption on Hierarchical ZSM-5. 
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Table 1. Surface area and pore volume of the adsorbents.
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Sample

	
Surface Area (m2/g)

	
Pore Volume (cm3/g)

	
pHpzc

(S3)




	
SBET

	
Smicro

	
Sext

	
Vtot

	
Vmicro

	
Vmeso






	
ZSM-5comm

	
353

	
242

	
111

	
0.201

	
0.138

	
0.012

	
7.62




	
ZSM-5deAl

	
348

	
229

	
66

	
0.181

	
0.124

	
0.065

	
7.93




	
ZSM-5deSil

	
366

	
213

	
52

	
0.188

	
0.111

	
0.074

	
7.38




	
ZSM-5deSil-deAl

	
428

	
271

	
97

	
0.238

	
0.131

	
0.098

	
7.55
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Table 2. The Al3+ and Si4+ contents after treatment and washing.
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Sample

	
Filtrate after Treatment (mmol/L)

	
Washing with Water (mmol/g)

	
Washing with Acetic Acid (mmol/g)




	
Si

	
Al

	
Si

	
Al

	
Si

	
Al






	
ZSM-5comm

	
-

	
-

	
0

	
0

	
0.01

	
0.01




	
ZSM-5deAl

	
90

	
0.03

	
0

	
0.02

	
3

	
25




	
ZSM-5deSil

	
32

	
25

	
0

	
0

	
4

	
9




	
ZSM-5deSil-deAl

	
120

	
45

	
0

	
0

	
3

	
5
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Table 3. Dyes isotherm adsorption model.
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Adsorption Model

	
Adsorbent

	
Parameter

	
CR

	
RY

	
MB

	
RhB

	
DB-1

	
DB-14






	
Langmuir

	
ZSM-5comm

	
R2

	
0.9917

	
0.9994

	
0.9997

	
0.9923

	
0.9969

	
0.9969




	
KL

	
0.0332

	
0.2704

	
0.0768

	
0.03176

	
1.1716

	
0.2314




	
Qm (mg/g)

	
181.82

	
188.679

	
204.082

	
166.667

	
50.505

	
188.679




	
ZSM-5deAl

	
R2

	
0.998

	
0.9978

	
0.9991

	
0.9929

	
0.9996

	
0.9996




	
KL

	
0.0662

	
0.1340

	
0.3235

	
0.1044

	
0.7066

	
0.3814




	
Qm (mg/g)

	
243.90

	
357.143

	
454.545

	
526.316

	
54.645

	
222.222




	
ZSM-5deSil

	
R2

	
0.991

	
0.9942

	
0.9961

	
0.9951

	
0.9995

	
0.9996




	
KL

	
0.0456

	
0.0607

	
0.0657

	
0.8710

	
0.5552

	
0.3258




	
Qm (mg/g)

	
312.5

	
370.370

	
555.556

	
123.457

	
56.818

	
232.558




	
ZSM-5deSil-deAl

	
R2

	
0.9948

	
0.991

	
0.9984

	
0.9992

	
0.9991

	
0.996




	
KL

	
0.0747

	
0.1933

	
0.0934

	
0.1928

	
0.9016

	
0.41




	
Qm (mg/g)

	
322.58

	
434.783

	
588.235

	
625

	
60.606

	
243.902
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Table 4. Thermodynamic parameters of studied dyes.
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Dye

	
T (K)

	
KL

	
ΔG (kJ/mol)

	
ΔH (kJ/mol)

	
ΔS (kJ/mol)

	
R2






	
CR

	
303

	
1.108

	
−0.259

	
108.832

	
0.371

	
0.9987




	
313

	
1.212

	
−0.501




	
323

	
1.333

	
−0.773




	
RY

	
303

	
1.125

	
−0.297

	
169.004

	
0.571

	
0.990




	
313

	
1.273

	
−0.62




	
323

	
1.500

	
−1.089




	
MB

	
303

	
1.250

	
−0.562

	
187.226

	
0.644

	
0.996




	
313

	
1.448

	
−0.964




	
323

	
1.719

	
−1.454




	
RhB

	
303

	
1.189

	
−0.434

	
158.227

	
0.542

	
0.985




	
313

	
1.326

	
−0.734




	
323

	
1.556

	
−1.187




	
DB-1

	
303

	
1.029

	
−0.071

	
9.023

	
0.032

	
0.997




	
313

	
1.038

	
−0.096




	
323

	
1.044

	
−0.117




	
DB-14

	
303

	
1.067

	
−0.162

	
98.177

	
0.332

	
0.995




	
313

	
1.175

	
−0.420




	
323

	
1.260

	
−0.621
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Table 5. Characteristics of the studied dyes.






Table 5. Characteristics of the studied dyes.





	Dye
	Molecular Structure
	λmax

(nm)
	Mw

(g/mol)
	Size

(Å2)





	CR
	 [image: Inorganics 08 00052 i001]
	495
	696
	7 × 25



	RY
	 [image: Inorganics 08 00052 i002]
	410
	593
	12.7 × 31.2



	MB
	 [image: Inorganics 08 00052 i003]
	663
	320
	5.9 × 13.8



	RhB
	 [image: Inorganics 08 00052 i004]
	558
	479
	9.8 × 15.0



	DB-1
	 [image: Inorganics 08 00052 i005]
	607
	268
	8.98 × 10.66



	DB-14
	 [image: Inorganics 08 00052 i006]
	530
	413
	12.13 × 10.7







Note to ball stick: white: hydrogen; grey: carbon; red: oxygen; blue: nitrogen; yellow: sulphur.
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Table 6. Comparison of existing study with several earlier reports.
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	Adsorbents
	Dye
	Qm (mg/g)
	Ref.





	Activated carbon/PEI
	CR
	34.36
	[41]



	Starch/hydrogel
	CR
	64.73
	[42]



	ZSM-5deSil-deAl
	CR
	322.581
	This study



	maleate-alumoxane
	RY
	244
	[43]



	Surface modified AC
	RY
	24.15
	[37]



	ZSM-5deSil-deAl
	RY
	434.783
	This study



	Mesoporous birnessite
	MB
	113
	[44]



	Biopolymer/ZSM-5
	MB
	548.16
	[33]



	MBM-BC
	BC
	501
	[40]



	ZSM-5deSil-deAl
	MB
	588.235
	This study



	MoS2/MIL-101 hybrid
	RhB
	344.8
	[45]



	 γ -Fe2O3/montmorillonite
	RhB
	209.20
	[46]



	ZSM-5deSil-deAl
	RhB
	625
	This study



	ZSM-5deSil-deAl
	DB-1
	60.606
	This study



	ZSM-5deSil-deAl
	DB-14
	243.902
	This study







Qm: maximum adsorption capacity; AC: activated carbon; PEI: polyethylenimine; MBM-BC: Magnetic ball mill-biochar.














© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
220

e 2 e e e g g
& I & S B °

"~ @w) Apedes uopdiospy

200

5
F

4 5 6 7 8 91011

3

2





media/file4.png
750.0 -

650.0 -

ZSM-35 gesil-deAl f

]
()
-
e

S
s
o
-}

)
D
e
e

Volume adsorbed (cm/g)

ZSM-35 . m

250.0

150.0 4

P/Po

060 02 04 06 08 1.0

0.10000

0.08000 -+

dV/(log r)(cm3/g)

0.02000 -+

0.00000

0.06000 -+

0.04000 -+

(b)

6 8 10 12 14 16
Pore diameter (nm)

18 20 22





media/file27.png





media/file18.png
—8— /SM-5comm

ZSM-5deAl
ZSM-5deSil

e My |
o4 =+
o4 =
o A
i KM
Fo-H A
o =
o H=EHEAH
=3 =KEHEM
HiH EH K
FHEH Y
R ERY
Réd R
Réd RGO

5deSil-de Al

ZSM

300

700 -

- - -
= - -
< N

@)
(3/8wm) Aydeded uondiospy

-
-
\O

60 90 120 150 180

Contact time (min)

30





media/file26.png





media/file3.jpg
Volume adsorbed (en/)

7500

650.0

2500

1500

aViflog rie?lg)

0.10000

0.08000

0.06000

004000

002000

®)

00

0.00000 +
0

246 8101214161822
Pore diameter (nm)





media/file22.png





media/file19.jpg





media/file7.jpg
=
8

21078 B1087 B1090
®

£ v a2 2
8 8 8 8

Transmission (%T)

Gaussian peak area
8

E

g

4000 3400 2800 2200 1600 1000 400
Wavenumber (cm) 5





media/file23.png





media/file10.png





media/file14.png
220

— — - Py -

— | b -
- - - - - - - - -
- %) O <t N S o0 O <t
e\l — — — — —

(8/8w) Adeded uondiospy

2 3 4 5 6 7 8 9 10 11

pH





media/file11.jpg
o

02 038 =

o 0ss

2oz 2o

ot 038

a6 - N

o

onf ey o) - o f yearssons s
R o e S
‘Soows outs 00w ooos ocws owws oo oowss omnes oomis oows 0oumis

wak am wrar

os ooss o

oss o oz

o we | oo e

o oo o

H Zoms Zoss

- " oo Fons

oz oo on

" 0091y asonoze o
s -issesgson P (R ) P )
os oos aos
Goms wors_oowas ouoss " soes o oo ownis goums owns o woosss

mamy

mam

wrany





media/file6.png
T
R W
NN N NN

Microporous zeolite

desilication
H
| Na™
0 0 o OH._ HO o
S
Si Nl Si ) Si

Hierarchical zeolite





media/file15.jpg
60

i =100 ppm A‘w ©
—150pm
st T
—2s0m | £
[
H ——pm
| 9 e 100ppm
H —150pem
—200pm
- =250 ppm
o o
IR IEEEEEE]
Contct e (i) Contc e i)
m m
550
00
g
L
gan
E

100 pm
._EZ‘“ il 100 ppm
150 pom
i " 150 ppn
2 —~—200pm
100 - 20pm
- 250pm
o 250 pp
0
0 30 @ % 1150w 0 0 6 % 12050 W
Contact tm (i) Contact time (i)






nav.xhtml


  inorganics-08-00052


  
    		
      inorganics-08-00052
    


  




  





media/file16.png
600

500

o~ =
-] -]
- -

Adsorption capacity (mg/g)
(\®]
-
-

100

i —8—60 ppm
(@)

—o— 100 ppm
150 ppm

200 ppm

—#=250 ppm

60 90 120 150 180
Contact time (min)

60 90 120 150 180

Contact time (min)

600

500

400

300

200

Adsorption capacity (mg/g)

100

(b)

—o— 100 ppm
150 ppm
200 ppm
=#=250 ppm

60 90 120 150 180
Contact time (min)

|
0 30

—o— 100 ppm
150 ppm

200 ppm

=250 ppm

0 30 60 90 120 150 180

Contact time (min)





media/file2.png
Intensity (a.u)

(©)

(b)

(a)

5 10 15 20 25 30 35 40 45 50

20 (degree)





media/file20.png





media/file5.jpg
Microporous zeolite

dealumination

Hicrarchical zeolite





media/file24.png





media/file1.jpg
@

) ©
&
g
=
®
@

T
5 10 15 20 25 30 35 40 45 50
20 (degree)





media/file12.png
In (kL)

0.3 0.45 0.6
0.28 -
0.4 - 0.55 -
0.26
0.5 -
024 0.35 -
022 0.45
~ 03 .
0.2 - e} 2 044
= =
= 0.25 - £
0.18 :
0.35
0.16 1 02 -
0.3 -
0.14 1
0.15 - | v
0.12 1  y=-904.83x+3.087 y = -1405.1x + 4.7471 0251 vy }{525:6-5’;9652-3548
R? = 0.9987 R2=0.99 .
0.1 : . 0.1 . . 0.2 . :
0.00305 0.00315 0.00325 0.00335  0.00305 0.00315 0.00325 0.00335 0.00305 0.00315 0.00325
1/T (1/K) 1/T (1/K) 1/T (1/K)
0.5 0.045 0.25
0.043 - 1
0.45 - 0.23
0.041 - 021 -
0.4 1 0.039 - 019 -
0.35 A 00371 047 -
3 3
= 0.035 - 2015 -
J = £
0.3 0.033 A 013 -
0.25 - 0.031 - 0.11 4
00291 y=-75017x+0.276 0.09 1
02 1 y=-1315.5x+ 4.5047 0027 4 R2 = 0.9969 y =-816.24x + 2.7619
R2 = 0.9845 : 0.07 + R? = 0.9945
0.15 . . 0.025 . . 0.05 . .
0.00305 0.00315 0.00325 0.00335  0.00305 0.00315 0.00325 0.00335 000305 0.00315 000325 0.00335
UT (1/K) UT (1/K) UT (1/K)

0.00335






media/file9.jpg





media/file0.png





media/file8.png
800

@1078 @1087 @1090

700 (b)
600
= s
X ZSM-5 et = 500
] %
Z 2. 400
g ZSM-5 41 g
Z 7
E é 300
200
ZSM-5 comm
100
L] | | L] | L] 0
4000 3400 2800 2200 1600 1000 400 ,9 y) & D
Wavenumber (cm?) c;&s @ﬁ& &G-_,y&
& T &
17

Adsorbent





media/file25.png





media/file17.jpg
—=—ZSM-5comm
700 —e—ZSM-5deAl
—+—ZSM-5deSil
§ 600 —+—ZSM-5deSil-deAl
&
3
=
g
=
£
=
4
<

0 30 60 90 120 150 180
Contact time (min)





