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Abstract
Permanganate  ions were adsorbed on carbonate intercalated Co-Al-layered double hydroxide (Co-Al-LDH) and MoS2 and after a while the adsorbed  ions were reduced to MnO2. Reduction of adsorbed  ion was catalyzed on the surface of carbonate intercalated Co-Al-LDH but  ions reacted with MoS2 surface. Adsorption kinetic tests were carried out at different temperatures, ionic strengths, pH, initial adsorbate concentrations and shaking rates. The adsorption kinetics was studied by the kinetics of adsorption study in the regions with constant adsorption acceleration (KASRA) model and KASRA, ideal-second-order (ISO), intraparticle diffusion, Elovich and (non-ideal process of adsorption kinetics (NIPPON) equations.
In this work, a new equation called NIPPON equation was introduced. In this equation, it was assumed that during a non-ideal process, adsorbate species molecules were adsorbed simultaneously on the same type adsorption sites with different activities. Indeed, the average values of adsorption kinetic parameters were calculated by the NIPPON equation. Also, the character of boundaries of regions obtained from the KASRA model can be determined by this equation.
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1. Introduction
Industrial wastewaters, especially produced by chemical and pharmaceutical, leather, cosmetics, fabrics factories often include substances like organic synthetic substances, inorganic compounds and heavy metals that need to be treated before being discharged into the environment. There are different methods for treatment of these wastewaters such as coagulation and flocculation, filtration, sludge drying, sedimentation and adsorption. Among them, adsorption process is commonly used in industry for compound separation and wastewater treatment. This technology is especially featured by cost effectiveness and ease of design and operation. 
Potassium permanganate (KMnO4) is a strong oxidizing agent and there were a few work in relation to its adsorption from aqueous media. In continuation of our earlier works,1,2 mechanisms of adsorption kinetics of  on Co-Al-LDH and MoS2 nanocompounds were studied by the KASRA model and the KASRA, ISO, NIPPON, Elovich and intraparticle diffusion equations.  ion was adsorbed on the surface of Co-Al-LDH and MoS2 and then was reduced to MnO2 and the reaction obeyed ARIAN-Hinshelwood mechanism.1,2 Layered double hydroxides (LDHs) have a general formula of [M2+1 − xM3+x(OH)2]x+(A)n−x/n· mH2O and consist of highly ordered two-dimensional hydroxide layers where M2+ and M3+ are divalent and trivalent cations respectively and An− is the interlayer anion of valence n like carbonate, nitrate and so on,3–5 Fig. S1(a). LDHs are used in artificial photosynthesis,6 biomedical sectors,7 oxygen evolution reaction towards efficient hydrogen generation,8 controlled drug release and delivery9 and as adsorbent,10 corrosion inhibitors,11 supercapacitors12 and inorganic flame-retardant fillers.13 In this work, Co-Al-LDH was used for adsorption of  ions and catalyzed their reduction to MnO2. As reported before, Co-Al-LDH was used as catalyst for reduction of dyes,14 CO2 reduction in aqueous media,15 efficient superoxide dismutase-like nanozyme,16 enhanced catalyst for carbon-carbon coupling17 and as one of components of a photocatalyst.18 
MoS2 is a natural or synthetic compound and has a layered structure. In its structure, a plane of molybdenum atoms is sandwiched by two planes of sulfide ions which form a layer. These three planes stack on top of each other with strong covalent bonds between the Mo and S atoms and weak van der Waals forces hold these layers together,2,19-21 Fig. S1(b). MoS2 shows polytypism and has three various configurations like 1T,22 2H23 and 3R24 that represent its trigonal, hexagonal and rhombohedral arrangements, respectively and among them 2H is the most stable thermodynamic form of MoS2.23 MoS2 possesses many applications such as solid lubricant,25 biosensor,26 gas sensor,27 catalyst,28 supercapacitor29 and for tissue engineering,30 electronic and optoelectronic devices,31 energy storage,32 solar energy storage,33 and biomedical applications.34 
Potassium permanganate (KMnO4), known as "Condy’s Crystal", is a strong oxidizing inorganic compound and has many applications like medical uses,35 water treatment process36, analytical uses37 and synthesis of organic compounds38 in laboratories and industry.
In this study, as-synthesized carbonate intercalated Co-Al-LDH and MoS2 were used as highly efficient adsorbents for . In our previous works,1,2 both Co-Al-LDH and MoS2 were characterized by various techniques such as FTIR (Fourier transfer infrared spectroscopy), BET (Brauner-Emmett-Teller), FESEM (field emission scanning electron micrograph), EDS (energy dispersive X-ray spectroscopy), XPS (X-ray photoelectron spectroscopy) and XRD (X-ray diffraction). Here, we studied effects of different variables like pH, initial  concentration, temperature, shaking rate, contact time and ionic strength on adsorption capacity of Co-Al-LDH and MoS2 for . Also, in this work, NIPPON equation was introduced for analysis of adsorption kinetic process. The kinetics of adsorption of  on Co-Al-LDH and MoS2 were analyzed by the KASRA model and the KASRA, Elovich, intraparticle diffusion, ISO and NIPPON equations to give more information about the mechanism of these processes. In this study, using information obtained from carrying out kinetic tests and our previous works,1,2 mechanism of adsorption kinetics of  on Co-Al-LDH and MoS2 were investigated. 
2. Materials and Methods	
2.1. Chemicals
Aluminum nitrate (Al(NO3)3.9H2O) (>98.5%), cobalt nitrate (Co(NO3)2.6H2O) (>99%), sodium carbonate (99.9%), sodium molybdate (Na2MoO4.2H2O) (>99.5%), thioacetamide (>99%), hydrochloric acid (37%), concentrated sulfuric acid (98%), oxalic acid (>99%), sodium hydroxide (>98%), sodium chloride (>99.5%) and potassium permanganate (>99%) were purchased from Merck. All chemicals were used without further purification.
2.2. Synthesis of Co-Al-LDH and MoS2
Synthesis of carbonate intercalated Co-Al-LDH was carried out according to the procedure for preparation of carbonate intercalated Mg-Al-LDH (Mg6Al2(OH)16CO3.4H2O)39 in our previous works.1,40 The MoS2 was prepared according to the published procedure.2,41
2.3. Characteristics of as-synthesized Co-Al-LDH and MoS2
The synthesized Co-Al-LDH and MoS2 were characterized by XRD, SEM, EDS, FTIR, BET and XPS techniques which confirmed their formation1,2 and were used for studying thermodynamics1,2 and kinetics of adsorption of  on Co-Al-LDH and MoS2. It was shown that  ions were adsorbed on the mesopore and micropore adsorption sites of Co-Al-LDH and micropore adsorption sites of MoS2 nanocompounds. Mesopore and micropore adsorption sites were abbreviated as ME and MI sites, respectively.
2.4. Adsorption kinetic tests



In adsorption kinetic tests, 0.002 g of Co-Al-LDH or 0.0015 g of MoS2 samples were added to 10 ml of  solutions. Initial concentrations of  solutions were 2×10-5, 5×10-4 or 7×10-4 M in the case of Co-Al-LDH and 2.5×10-4, 5×10-4 or 0.75×10-4 M for MoS2. The solutions were shaken at 40, 70 and 100 rpm in a temperature controlled water bath shaker (Fater electronic Co., Persian Gulf model) at 308, 318 and 328 K and different ionic strengths and pHs. The residual concentrations of  in the solutions were measured at different contact times during the course of adsorption, through photometry at their values by a UV mini 1240V Shimadzu spectrophotometer. The  values of  in neutral water, acidic and alkaline media were 527 and 546 nm and that of  in alkaline media was 437 nm. The relation used to calculate   adsorption capacity on the Co-Al-LDH or MoS2,  (mg g-1), was as follows

                                                          (1)



where  is adsorption capacity at time t (mg g-1),  and  are the initial concentration of adsorbate in each solution and adsorbate concentration at time t (M) respectively, v is the volume of solution (ml), M is the molecular weight of adsorbate (mg mole-1) and w is the weight of the used adsorbent (g). 
2.5. Adsorption model and isotherms
In our previous works,1,2 the adsorption thermodynamic isotherms of  on the surface of Co-Al-LDH and MoS2 were analyzed by "adsorption isotherm regional analysis model" that is abbreviated as the ARIAN model and their adsorption mechanism were explained by analysis of their adsorption isotherm and other experimental evidence. Here, we explained about this model because we used some results of it along with results of adsorption kinetic tests. The ARIAN model was explained in Supplementary material,42–46 Fig. S2. Briefly, this model is composed from four regions. Region I is related to adsorption of adsorbate on the most active adsorption sites. Region II is the result of interaction of adsorbate with a group of less active adsorption sites. If there are two or more adsorption sites, the sub-regions of region II are denoted by IIA, IIB, etc. Region III appears in the case of formation of aggregates of adsorbates on the surface like micelles and in region IV plateau appears or in some cases reverse desorption is observed. Adsorption kinetic tests of  on the Co-Al-LDH and MoS2 were carried out within regions I and II of their isotherms and compared with each other.1,2
2.6. Adsorption kinetic equations and model    
The kinetic curves were studied by several equations. The intraparticle diffusion equation47 is given by

                                                                                                                             (2)

Where I is the boundary layer thickness and  is the rate constant for intraparticle diffusion.

Another equation used for analysis of adsorption kinetics is the Elovich equation48 that is written as                                                                                                                  (3)


Where  is initial adsorption rate and  is the Elovich constant. 
Also, the KASRA model and KASRA equation49–51 were used to analyze the adsorption kinetics. KASRA is an abbreviation for “kinetics of adsorption study in the regions with constant adsorption acceleration”. KASRA is a Persian word meaning king. The KASRA model is based on the three assumptions for adsorption of an adsorbate species on an adsorption site: (1) each time range that adsorption acceleration in it is constant, is named a "region", (2) there are two regions before reaching the plateau region, and (3) the boundary between the first and second regions is called starting second region (abbreviated as ssr) point and that of between the second and third is called starting third region (abbreviated as str) point that of between the third and fourth (plateau) regions is called kinetics of adsorption termination (abbreviated as kat) point. All of these points are determined by the KASRA equation49,50 given as follows:

                           (3)


















where ,  and  are , velocity and time at the beginning of the ith region, respectively and is the acceleration of adsorption kinetics in the ith region whereas . In these works, due to lack of the third region and thus str point, the point between the second and fourth regions was called kat point and thus . Each  is a negative value because during adsorption process the adsorbate concentration decreases. In the first region,  and  are equal to zero. The second region begins from ssr point which is assigned with the coordinates  and . Finally, plateau (third) region starts at the equilibrium time,  and equilibrium adsorption capacity,  which are coordinates of kat point. In this region, ,  and  and Eq. (3) is simplified to . Due to different characteristics of the first and second regions, parameters obtained for these two regions such as rate constants are different from each other.
In this work, to avoid confusion in relation to the regions in isotherms and kinetic curves, kinetic regions are shown using numbers like region 1, etc. Typical adsorption kinetic curves of  on Co-Al-LDH and MoS2 according to the KASRA model were shown in Fig. 1.
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Fig. 1 Typical adsorption kinetic diagrams of  on (a) Co-Al-LDH and (b) MoS2 based on the KASRA model
The ideal-second-order (or abbreviated as ISO) equation50 is written as

                                                                                                    (4)















where  and are the first- and second-order adsorption rate constants of the ISO equation in each region and are in M-1 mg g-1 min-1 and M-1 min-1, respectively and .46 , where v is the volume of solution (ml), w is the weight of the used adsorbent (g) and M is the molecular weight of adsorbate (mg mole-1). A number of adsorbents have m different adsorption sites and adsorption occurs in sequence on their first, then second, . . . ,  and  sites, respectively. In these cases, there are m kinetic curves and in Eq. (4), and are used for  site and for other sites and these symbols are replaced with  and , where .  and  are the maximum adsorption capacity of adsorbent and adsorbate concentration after absorption completion on the ith adsorption site, respectively. Thus, the ISO equation is used m times to analyze these m kinetic curves.46
As referred before, in this work due to lack of the third region, based on the KASRA model there are two regions in adsorption kinetic curves before reaching the plateau which result from non-ideality in adsorption process. In the first one, completely ideal adsorption occurs on the bare surface of adsorbent. The progressively changes happens on the surface of adsorbent in region 1 finally result in emerging another ideal region (region 2) in which adsorption carries out on a partly adsorbate-covered surface. 
But, using the ISO equation shows that region 2 is composed of two another ideal parts that are named 2a and 2b. The first part of the second region, 2a, starts after ssr point and the second one, 2b, starts after starting second part (or abbreviated as sp) point and ends at the kat point.49












The ISO first-order rate constant of region 1 is shown with  and those of the second region are shown with  and , respectively. Also, the ISO second-order rate constant of region 1 is shown with  and those of the second region are shown with  and , respectively. Due to decrease in adsorbate concentration with time, the ISO rate constant of region 1 is greater than part 2 of region 2 or part 2a, i.e.  and in part b of region 2 (or part 2b), adsorption ends to plateau and due to this sudden change  is greater than both  and , thus we have . Similarly, for the ISO second-order rate constants we have .
If the ISO rate constant of a step obeys the Arrhenius equation, that step is adsorption- or reaction-controlled and otherwise it is called diffusion-controlled. As referred above, in some adsorbents, there are two or more different adsorption sites which result in observing two or more successive adsorption kinetic curves in an adsorption kinetic diagram. In these cases, region 1, (completely ideal) is only observed in the first adsorption kinetic curve,46 Fig. 1.
Sometimes, due to braking effect50 an interval is observed between two successive adsorption kinetic curves or between regions 1 and 2 of the first adsorption curve. The “time range of interval between two successive adsorption kinetic curves” (abbreviated as TRAK) is used to compare this effect in different cases.46,51 On the other hand, the initial concentration of adsorbate has an important role in appearing the TRAK in an adsorption kinetic curve. Thus, for comparing kinetic curves including TRAK(s) with together and other kinetic curves, their first-order rate constants obtained from the ISO equation are used.









If adsorption results in a TRAK,  and  are replaced by  and , respectively.  and  are adsorption capacity of adsorbent and adsorbate concentration at the beginning of the TRAK between  and kinetic curves, respectively. In these cases,  and subscript T is an abbreviation for TRAK.46,51
2.7. Introducing the NIPPON equation




Adsorption on heterogeneous surface of adsorbents in liquid phase happens through different kinds of interactions, like hydrogen bonding, between adsorbate species and some parts (and not whole) of adsorbents surface. Also, at first, most active sites and then other less active sites of adsorbent surface interact with adsorbate species. Thus, adsorption thermodynamics and kinetics in liquid phase are intrinsically non-ideal. As explained in the KASRA model and ISO equation, adsorption on the most active and less active adsorption sites of the same type or adsorption on different types of adsorption sites on an adsorbent are separately studied as ideal cases and have different adsorption kinetic parameters.46,49,50 In the KASRA model, adsorption capacity was written as a three-term polynomial function of time. But, as in physics higher derivatives of position with respect to time are used for non-ideal situation,52,53 we can use higher derivatives of adsorption capacities with respect to time to analyze the non-ideal adsorption kinetic data to find average parameters of the same type adsorption sites that have different activities. By considering a time range of adsorption kinetics belonging to one average type of adsorption site as a continuous non-ideal process, the time function of non-ideal adsorption capacity, , changes with time as  which is the Taylor series of . Here, N is an abbreviation for "non-ideal adsorption". In spite of the KASRA equation, in non-ideal adsorption it was assumed that in each time range adsorbate species were simultaneously adsorbed on adsorption sites with different activities. Thus, changes in  with time was written as

                                                                                                          (5)

By using the relation   , Eq. (5) can be written as  

                                                                                                                                 (6)

Where  is the rate constant of the NIPPON equation. By integration of Eq. (6) we have

                                                                                                                                 (7)

                                                                                                                           (8)





Where   and  are adsorption capacity and time in the starting point of the assumed time range, respectively. When  we have  and then  

                                                                                                                                            (9)


Dimension of natural logarithm argument,, is in  . Equation (8) was derived and introduced by one of authors, Babak Samiey, and was called “non-ideal process of adsorption kinetics equation” or abbreviated as the NIPPON equation, Fig. 2.
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Fig. 2 Schematic comparison of adsorption kinetics by the (a) KASRA and (b) NIPPON equations. One type of functional group as adsorption site with different activities was shown in green and adsorbate species were shown in red

NIPPON is a Japanese name of Japan and means the sun’s origin. By taking the first and second derivatives of the NIPPON equation, non-ideal velocity and non-ideal acceleration adsorption kinetic equations, Eqs. (10) and (11), were obtained respectively. These equations are as follows                

                                                                                                                                       (10)

                                                              (11)





Where  and  were non-ideal velocity and acceleration of adsorption of adsorbate, respectively. On the other hand, at ,  and  and we have

                                                                                                                                                (12)

                                                                                                                      (13)



Where  and  were non-ideal velocity and acceleration of adsorption of adsorbate at , respectively. In initial time ranges of adsorption, the process is ideal and may obey from the KASRA equation.  
In some adsorption processes, depending on the nature of adsorbent or adsorbate, it is possible to be observed more than one curve. A number of examples chosen from published papers50,54–64 were analyzed by the KASRA model, Table 1 and Fig. S3 and the NIPPON equation, Table 2 and Fig. S4.
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Table 1. Adsorption acceleration and velocity parameters for the first and second region and related  and  values obtained from analysis of some adsorption processes by the KASRA model
	

 Symbol
	

Adsorption process
	
First region
	
	
	
Second region
	

	
	
	


	


	


	


	


	


	
Ref.

	
A
	
Adsorption of oxalic acid on animal charcoal at 308 K
	
0
	
9.0×10−3
	
10
	
0.02
	
–2.0×10−5
	
2.0×10−2
	
 54

	B
	Adsorption of natural dissolved organic matter
 (in terms of DOC) by multiwalled carbon nanotubes
 at 5 ˚C
	0
	0.33
	5.3
	1.4
	–6.7×10−5
	8.7×10−3
	55

	C
	Adsorption of natural dissolved organic matter
 (in terms of AOC) by multiwalled carbon nanotubes
 at 5 ˚C
	–2.0×10−4
	5.2×10−3
	20.3
	0.08
	–1.2×10−5
	9.2×10−4
	55

	D
	Adsorption of direct yellow12 on coconut shell activated carbon
	–0.02
	1.46
	10
	14.9
	–1.4×10−4
	1.49
	56

	E
	Adsorption of basic blue 3 onto sphagnum
 agellanicum peat
	0
	9.75
	1.2
	11.7
	–3.6×10−2
	0.54
	57

	F
	Adsorption of reactive red 239 from aqueous solution by chitosan 8B
	–0.17
	0.61
	10
	9.6
	–4.0×10−3
	0.24
	58

	G
	Adsorption of methylene blue on activated carbon obtained from waste Elaeagnus stone
	0
	13.90
	10.3
	143.4
	–3.8×10−2
	2.88
	59

	H
	Adsorption of malachite green on activated carbon obtained from waste Elaeagnus stone
	0
	20.90
	9.6
	200.7
	–5.6×10−2
	4.75
	59

	I
	Adsorption of rhodamine B on activated carbon obtained  from waste Elaeagnus stone
	0
	14.27
	10.3
	147.0
	–2.4×10−2
	2.30
	59

	J
	Adsorption of methyl orange on banana peel*
	0
	0.16
	5
	0.8
	–4.0×10−3
	0.27
	60


	
Table 1 continued
	

 Symbol
	

                 Adsorption process
	
  First region
	
	
	
Second region
	

	
	
	


	


	


	


	


	


	

Ref.

	
K
	
Adsorption of methylene blue on orange peel*
	
0
	
0.30
	
5
	
1.5
	
–0.01
	
0.45
	
60

	L
	Adsorption of  methylene blue on poly(acrylic acid) 
(PAA)-based super-adsorbent nanocomposite hydrogel
	0
	5.72
	12.8
	73.2
	–8.4×10−2
	10.45
	61

	M
	Adsorption of remazol Y onto steam-activated carbons developed from date pits at pH=3 and 37 ˚C
	0
	24.52
	1.7
	41.7
	–0.12
	2.03
	62

	N
	
Adsorption of methylene blue onto steam-activated 
carbons developed from date pits at pH=5 and 27 ˚C
	0
	88.58
	1.2
	106.3
	–8.8×10−2
	2.95
	62

	O
	Adsorption of acid red on corn stalks modified bycetylpyridinium bromide at 328 K
	0
	2.03
	3.5
	7.1
	–4.0×10−3
	0.26
	63

	P
	Adsorption of acid orange on corn stalks modified bycetylpyridinium bromide at 318 K
	0
	2.28
	5.6
	10.5
	–2.0×10−3
	0.15
	63

	Q
	Adsorption of malachite green on seeds of dates at 
15 ˚C
	–0.60
	6.75
	14.2
	92.5
	–0.39
	12.64
	64

	R
	Adsorption of methylene blue on nanocrystalline cellulose at 318 K and 80 rpm and 0.045 mM methylene blue
	–4.4×10−2
	0.21
	10
	2.8
	–8.7×10−4
	0.08
	50




















Units of and  were in mg g-1 hour-2,  and  were in mg g-1 hour-1 and  and  were in hour and mg g-1 in example L and  and  were in μmol g-1 min-2,  and  were in μmol g-1 min-1 and  and  were in min and μmol g-1 in example F, respectively. In other cases,  and  were in mg g-1 min-2,  and  were in mg g-1 min-1 and  and  were in min and mg g-1, respectively. *In examples J and K, TD values were 2.5 and 2 min before starting adsorption process, respectively.




Table 2. Non-ideal adsorption acceleration and velocity parameters for the first and second curves and related  and  values obtained from analysis of some adsorption processes by the NIPPON equation
	

 Symbol
	

                             Adsorption process
	  
        First curve
	
	   
  Second curve
	

	
	
	


	


	


	


	


	


	
Ref.

	
A
	
Adsorption of oxalic acid on animal charcoal at 308 K
	
–0.01
	
0.01
	
–
	
–
	
–
	
–
	
54

	B
	Adsorption of natural dissolved organic matter (in terms of DOC) by multiwalled carbon nanotubes at 5 ˚C
	0
	0.33
	5.3
	1.4
	–0.005
	0.03
	55

	C
	Adsorption of natural dissolved organic matter (in terms of AOC) by multiwalled carbon nanotubes at 5˚C
	0.035
	–0.035
	–
	–
	–
	–
	55

	D
	Adsorption of direct yellow12 on coconut shell activated carbon
	0
	1.49
	20
	30.2
	–0.46
	5.02
	56

	E
	Adsorption of basic blue 3 onto sphagnum agellanicum
 peat
	0
	9.75
	1.2
	11.7
	–0.59
	1.29
	57

	F
	Adsorption of reactive red 239 from aqueous solution by chitosan 8B
	–4.18
	4.18
	–
	–
	–
	–
	58

	G
	Adsorption of methylene blue on activated carbon obtained from waste Elaeagnus stone
	–17.88
	17.88
	–
	–
	–
	–
	59

	H
	Adsorption of malachite green on activated carbon obtained from waste Elaeagnus stone
	–19.07
	19.07
	–
	–
	–
	–
	59

	I
	Adsorption of rhodamine B on activated carbon obtained  from waste Elaeagnus stone
	–17.54
	17.54
	–
	–
	–
	–
	59

	J
	Adsorption of methyl orange on banana peel*
	0
	0.16
	5
	0.8
	–0.10
	0.61
	60




Table 2 continued
		

 Symbol
	

Adsorption process
	  
          First curve
	
	   
Second curve
	

	
	
	


	


	


	


	


	


	
Ref.




	
K
	
Adsorption of methylene blue on orange peel*
	
0
	
0.30
	
5
	
1.5
	
–0.15
	
0.88
	
60

	L
	Adsorption of  methylene blue on poly(acrylic acid) 
(PAA)-based super-adsorbent a nocomposite hydrogel
	0
	5.72
	12.8
	73.2
	–1.51
	20.79
	61

	M
	Adsorption of remazol Y onto steam-activated carbons developedfrom date pits at pH=3 and 37 ˚C
	0
	24.52
	1.7
	41.7
	–1.47
	3.96
	62

	N
	
Adsorption of methylene blue onto steam-activated 
carbons developed from date pits at pH=5 and 27 ˚C
	0
	88.58
	1.2
	106.3
	–5.15
	11.32
	62

	O
	Adsorption of acid red on corn stalks modified by cetylpyridinium bromide at 328 K
	0
	2.03
	3.5
	7.1
	–0.14
	0.63
	63

	P
	Adsorption of acid orange on corn stalks modified by cetylpyridinium bromide at 318 K
	0
	2.28
	5.6
	10.5
	–0.05
	0.31
	63

	Q
	Adsorption of malachite green on seeds of dates at 
15 ˚C
	–56.61
	56.61
	–
	–
	–
	–
	64

	R
	Adsorption of methylene blue on nanocrystalline cellulose at 318 K and 80 rpm and 0.045 mM methylene blue
	–1.34
	1.34
	–
	–
	–
	–
	50






















Units of  and  were in mg g-1 hour-2,  and  were in mg g-1 hour-1 and  and  were in hour and mg g-1 in example L and  and  were in μmol g-1 min-2,  and  were in μmol g-1 min-1 and  and  were in min and μmol g-1 in example F, respectively. In other cases,  and  were in mg g-1 min-2,  and  were in mg g-1 min-1 and  and  were in min and mg g-1, respectively. *In examples J and K, TD values were 2.5 and 2 min, and thus for first curve,  and  min were used in Eqs. (10) and (11), respectively. Subscripts fc, sc and tc are abbreviations for starting first curve and starting second curve, respectively.

3. Results and Discussion
3.1. Characterization of Co-Al-LDH and MoS2 nanocompounds
Characterization of these two compounds by XRD, XPS, FTIR, SEM, BET and EDS techniques showed that in this work Co6Al2(OH)16CO3.4H2O and hexagonal 2H-MoS2 were synthesized.1,2 Analysis of products of adsorption of  on Co-Al-LDH verified that Co-Al-LDH catalyzed reduction of  ions to MnO2 in the pH range of 1–13 and reacted with it at pH=14. Study of data showed that its adsorption sites are Co–OH groups located on ME and MI sites.1 
On the other hand, analysis of products of  adsorption on MoS2 confirmed that  reacted with MoS2 in the pH range of 1–12 and its adsorption sites were Mo–S pairs located on its micropore sites.2
3.2. Kinetics of adsorption of  on Co-Al-LDH
As reported before,65-69 Co-Al-LDH was used as an adsorbent or one of components of an adsorbent and kinetics and thermodynamics of these processes were studied by researchers. As observed in our earlier work,1 the boundary of regions of adsorption isotherms of  on Co-Al-LDH under different conditions were shown in Table S1. Based on these data, appropriate initial concentrations of  were used for doing adsorption kinetic tests.
The adsorption kinetics of  on Co-Al-LDH was studied using various initial  concentrations of 0.25, 0.5 and 0.7 mM, shaking rates of 40, 70 and 100 rpm at 308, 318 and 328 K in water (neutral water), 0.1 M NaCl and in acidic (pHs of 2.8, 3.8) and alkaline (pHs of 12, 13 and 14) solutions, shown in Tables 3–7 and Figs. 3, 4 and S5. Under different conditions,  ions were adsorbed on the surface of Co-Al-LDH after 10 h.




As seen in Tables 4 and 6, in water, at 100 rpm and in 0.25 mM  (in region I of the thermodynamic ARIAN model)  ions were adsorbed on ME adsorption sites. However, in initial  concentrations of 0.5 and 0.7 mM (in region II of the thermodynamic ARIAN model) in water and 0.1 M NaCl,  ions were adsorbed on both ME and MI adsorption sites. Tests showed that an increase in the initial  concentration, shaking rate, temperature or ionic strength (other parameters were constant) increased the values of , adsorption acceleration, initial adsorption rates, and  (both for kinetic curve of adsorption on ME sites), and  (for kinetic curve of adsorption on MI sites). Region 2 for kinetic curve of adsorption on ME sites was composed of only one part and its value was greater than that of region 1 thus it was part 2b. 







In 0.1 M NaCl solution, an increase in , adsorption acceleration, initial adsorption rates and a vigorous increase in and  (both for adsorption on ME sites) and  (for adsorption on MI sites) was observed compared to those in water at 318 K was due to that   ions were surrounded by Na+ ions, which decreased electric repulsion between  and  ions. Also, an initial high adsorption capacity for  ions resulted in emerging a TRAK in its adsorption kinetic curve, Table 3. Activation energies of and  (both for the adsorption on ME sites) and  (for the adsorption on MI sites) in water were 60.4, 75.1 and 49.1 kJ mole-1, respectively which showed that these steps were adsorption-controlled.



In acidic solutions, adsorption process happened only on ME adsorption sites which was due to the formation of bigger neutral  molecules.70 Because of a decrease in formal charge of  ions, , adsorption acceleration, initial adsorption rates, and  decreased with a decrease in pH of solutions from 3.8 to 2.8.



In acidic solutions, due to the increase in ionic strength and the acidity of solution that promoted adsorption capacity,1 we noticed that , adsorption acceleration, initial adsorption rates,  and  values increased compared with those in water at 318 K. 






In alkaline environment, it was observed that with an increase in pH value to 12, , adsorption acceleration, initial adsorption rates,  and  (both on ME adsorption sites) highly increased due to an increase in the number of –OH groups of adsorbent surface and ionic strength of the solution. pHZPC (pH of zero point charge) of carbonate intercalated Co-Al-LDH is 10 and in pHs of higher than 10 its surface charge is negative and became more negative with an increase in pH value.71 Thus, further increase in pH to 13 yielded in a decrease in , adsorption acceleration, initial adsorption rates,  and  because of the neutralization of amphoteric Al–OH groups of adsorbent, and also changing large amount of  to , Tables 4 and 5.


At pH=13, due to neutralization of some hydroxide groups and increasing adsorbent surface negative charge,  ions were adsorbed only on ME sites. Activation energies of  (for adsorption on ME sites) was 46.3 kJ mole-1 which showed that the kinetics of this step was adsorption-controlled, similar to that in water. However,  values did not obey Arrhenius equation that confirmed that kinetics of adsorption of  ions in this step was diffusion-controlled. 

At pH=14, similar to pH of 13,  ions were adsorbed on ME sites and due to very fast adsorption and reaction of  ions with ME adsorption sites,  value of ME sites reached 112.2 mg g-1 (about 50% of total adsorption capacity of adsorbent) within less than half minute after the adsorption test started.
Because of the consumption of  ions, a TRAK was observed in the range of less than 0.5 min to 180 min, Table 3. After about 2 hours, a gradual production of  ions from  ions in solution1 resulted in the continuation of adsorption process, Tables 3 and 4. Comparison of EDS spectra of adsorbent samples after 1.5 and 8 hours in 1 mM  solutions at pH of 14 showed that about 75% of manganese adsorption occurred after 1.5 h contact with adsorbate solution, Fig. S6. 
Analysis of adsorption kinetic data of  on Co-Al-LDH by NIPPON equation showed that an excess ideal curve was observed in the beginning of adsorption kinetic diagrams of 2.5 mM  at 318 K, 0.5 mM  at 328 K, 0.7 mM  at 318 K in water and in 0.5 mM  at pHs of 2.8, 3.8, 12 at 328 K and at pH of 13 at 308, 318 and 328 K at 100 rpm compared to analysis with the KASRA model. These observations showed that activities of the most active adsorption sites located in initial time ranges of first region obtained from the KASRA model were somehow bigger than activities of rest of this type of adsorption sites.
Analysis of adsorption kinetic diagrams of 0.5 mM  at 308 and 318 K at 100 rpm and 0.5 mM  at 318 K at 70 rpm by NIPPON equation showed that there were no excess ideal curve in the beginning of them compared to regions obtained from the KASRA model. In cases 0.5 mM  at 308 and 318 K at 100 rpm, second curves were bigger than those obtained from the KASRA model that showed that activities of boundary adsorption sites were more similar to those located in the second region obtained from the KASRA model. In the case of 0.5 mM  at 318 K at 70 rpm, it was observed that first curve obtained by NIPPON equation was bigger than that calculated by the KASRA model that showed that the activities of boundary adsorption sites were more similar to those of in the first region obtained from the KASRA model.   

Because  was adsorbed at first on ME sites of Co-Al-LDH, only adsorption of  on these sites were studied by the Elovich equation. As shown in Table 7,  values in water increased with an increase in temperature and shaking rate. 
On the other hand, as reported before,1 the used Co-Al-LDH adsorbent was recycled successfully by NaBH4.
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Fig. 3 Kinetic curves of adsorption of  on Co-Al-LDH in water in initial  concentrations of □ 0.25 mM at 318 K, 0.5 mM at ∆ 308 K, × 318 K and ♦ 328 K and – 0.7 mM at 318 K and - 0.5 mM in 0.1 M NaCl at 318 K and 100 rpm and also tests were carried out in = 0.5 mM in water and 318 K at + 40 rpm and ○ 70 rpm
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Fig. 4 Kinetic curves of adsorption of  on Co-Al-LDH in pHs of ▲ 2.8, □ 3.8, × 12 and –14 at 318 K and pH of 13 at ◊ 308 K, ○ 318 K and + 328 K at 100 rpm and = 0.5 mM

Table 3. TRAKs for adsorption of  on Co-Al-LDH in 0.1 M NaCl and acidic             and alkaline solutions at 308–328 K
	
Solvent
	
T
	

	
rpm
	


	

	


	
      

	
	(K)
	(mM)
	
	(min-min)
	(mg g-1)
	(min)
	 (mg g-1)

	
0.1 M NaCl*
	
318
	
0.5
	
100
	
300–360
	
141.4–141.7
	
1290
	
316.3

	 pH=2.8**
	318
	0.5
	100
	60–90
	82.5–85.7
	1290
	278.3

	   pH=12*
	318
	0.5
	100
	180–420
	178.3–185.4
	  660
	273.6

	pH=14**
	318
	0.5
	100
	  > 0.5–180
	112.2–110.1
	 930
	216.6



 is the observed TRAKs between the first and second kinetic curves. *TRAK appeared at the

 end of ME sites range. **TRAK was in the time range of ME sites.  is the time of reaching equilibrium.












Table 4. Experimental , , , ,  and  values and coefficients obtained from the KASRA equation and values of intraparticle diffusion equation for kinetics of  adsorption on Co-Al-LDH at different temperatures and in various shaking rates and initial  concentrations
	
Solvent
	
T
	

	
rpm
	


	
KASRA region 1 (1st curve)
	
   KASRA region 2 (1st curve)
	
KASRA region 2 (2nd curve)

	
	
(K)
	
(mM)
	
	
	

	

	

	
 
	

	

	

	

	

	

	


	
         Corresponding to:
	
                       ARIAN region I (ME Site)
	
       ARIAN section IIA (ME Site)
	
ARIAN section IIB (MI Site)

	
Water
	
318
	
0.25
	
100
	
(1350,177.7)
	
–2.0×10-2
	
1.00
	
4.7
	
(30,20.9)
	
–9.9×10-5
	
0.18
	
5.2
	
–
	
–
	
–
	
–

	
	308
	0.50
	100
	(1470,160.0)
	–1.3×10-3
	0.39
	4.1
	(300,59.7)
	–1.9×10-4
	0.13
	3.8
	(780,100.3)
	–8.5×10-5
	0.18
	  5.8

	
	318
	0.50
	100
	(1650,275.6)
	–2.3×10-2
	1.42
	6.8
	(60,43.7)
	–2.1×10-3
	0.54
	7.4
	(300,113.2)
	–1.4×10-4
	0.25
	  6.8

	
	328
	0.50
	100
	(1110,266.7)
	–4.2×10-2
	1.58
	6.8
	(30,27.3)
	–3.6×10-3
	0.95
	12.3
	(240,148.0)
	–2.3×10-4
	0.31
	  7.6

	
	318
	0.70
	100
	(1350,319.3)
	–6.8×10-2
	2.55
	8.5
	(30,46.3)
	–3.2×10-3
	0.59
	8.7
	(180,99.5)
	–2.9×10-4
	0.36
	10.2

	
	318A    0.50
	  70      
	(1290,281.1)   
	–1.6×10-2
	1.15
	5.9
	(60,38.6)
	–1.0×10-3
	0.50
	8.2
	(420,142.6)
	–3.6×10-4
	0.31
	10.3

	
	318B    0.50
	  40
	(1470,293.7) 
	–4.2×10-3
	0.82
	6.9
	(120,58.7)
	–6.1×10-4
	0.30
	6.7
	(420,123.8)
	–2.9×10-4
	0.30
	11.2

	0.1M NaCl
	318
	0.50
	100
	(1290,316.3)
	–0.46
	4.76
	10.2
	(10,25.0)
	–1.7×10-3
	0.65
	6.7
	C(360,141.7)
	–3.1×10-4
	0.33
	11.3

	pH=2.8
	318
	0.50
	100
	(1290,278.3)    –2.9×10-2
	2.24
	10.8
	D(90,85.7)
	–2.0×10-4
	0.29
	7.3
	–
	–
	–
	–

	pH=3.8
	318
	0.50
	100
	(780,293.3)
	–6.8×10-2
	4.03
	18.3
	(60,120.4)
	–9.3×10-4
	0.55
	11.2
	–
	–
	–
	–

	pH=12
	318
	0.50
	100
	(660,273.6)
	–0.19
	5.53
	14.1
	(30,82.6)
	–8.2×10-3
	1.21
	11.6
	E(420,185.4)
	–8.1×10-4
	0.46
	16.8

	pH=13
	308
	0.50
	100
	(1110,289.4)
	–6.3×10-3
	1.14
	9.1
	(180,107.2)
	–4.8×10-4
	0.42
	11.6
	–
	–
	–
	–

	pH=13
	318
	0.50
	100
	(1470,315.7)
	–6.6×10-3
	1.16
	9.4
	(180,103.8)
	–2.2×10-4
	0.30
	8.8
	–
	–
	–
	–

	pH=13
	328
	0.50
	100
	(930,309.5)
	–8.2×10-3
	1.51
	17.4
	(120,122.7)
	–1.0×10-3
	0.58
	12.1
	–
	–
	–
	–

	pH=14
	318
	0.50
	100
	(930,216.6)
	Very fast (0.5 min < )F 
	(180,110.1)
	–4.8×10-4
	0.31
	7.7
	–
	–
	–
	–
















Units of , and  are in mg g-1 min-2 and those of ,  and  are in mg g-1 min-1. Units of ,  and   are in min and those of ,  and  are in mg g-1. In region 1,  and  are equal to zero. A and B refer to cases that there were TDs at 4 and 5 min before starting adsorption process, respectively. C, D, E and F refer to TRAKs in the range of 300–360, 60–90, 180–420 and >0.5–180 min, respectively. 
Table 5. Coefficients of region 1 and region 2 (parts 2a and 2b) of the ISO equation for kinetics of  adsorption on different sites of Co-Al-LDH at 308–328 K
	
Solvent
	
  T
	

	
rpm       
	
      
	
                                      
	


	
	
  (K)     (mM)
	
	
                     (min,mg g-1)                    (min,mg g-1)                    (mM,min,mg g-1)                        (min,mg g-1)                        (mM,min,mg g-1)

	
                Corresponding to:        
	
                            ARIAN region I and section IIA (ME Site)
	
         ARIAN section IIB (MI Site)

	
Water
	
318
	
0.25
	
100
	
3562
	
(30,20.9)
	
130
	
(360,76.7)
	
 2803
	
(0.025,1350,177.7)
	
–
	
–
	–
	–

	
	308
	0.50
	100
	645
	(300,59.7)
	  –
	–
	 1075
	(0.37,780,100.3)
	 1022      (1290,151.1)
	3227
	(0.30,1470,160.0)

	
	318
	0.50
	100
	1841
	(90,43.7)
	  –
	–
	 3745
	(0.36,300,113.2)
	1743
	(930,220.4)
	3155
	(0.15,1650,275.6)

	
	328
	0.50
	100
	2699
	(90,27.3)
	  –
	–
	 6391
	(0.31,240,148.0)
	2188
	(540,212.2)
	7842
	(0.15,1110,275.6)

	
	318
	0.70
	100
	3571
	(15,31.5)
	  –
	–
	 2805
	(0.5,180,99.5)
	1317
	(660,230.7)
	4052
	(0.31,1350,316.3)

	
	318A     0.50
	  70
	1785
	(240,108.1)
	  –
	–
	 5082
	(0.32,420,142.6)
	2729
	(660,208.1)
	6042
	(0.14,1290,281.1)

	
	318B     0.50
	  40
	1731
	(300,101.6)
	  –
	–
	 2164
	(0.34,420,123.8)
	2155
	(600,178.7)
	5727
	(0.13,1470,293.7)

	0.1M NaCl
	318
	0.50
	100
	2467
	(180,106.9)
	  –
	–
	 9031
	C(0.32,300,141.4)
	3176
	(780,250.2)
	14292
	(0.10,1290,316.3)

	pH=2.8
	318
	0.50
	100
	4708
	   (30,56.7)D              
	2072  
	(660,223.4)
	 7156
	(0.15,1290,278.3)
	–
	–
	–
	–

	pH=3.8
	318
	0.50
	100
	6836
	    (60,120.4)
	4557      
	(360,252.2)
	 9114
	(0.13,780,293.3)
	–
	–
	–
	–

	pH=12
	318
	0.50
	100
	7866
	     (60,112.9)           –
	–
	12461
	  E(0.29,180,178.3)
	5550
	(540,229.0)
	31450
	(0.15,660,273.6)

	pH=13
	308
	0.50
	100
	1607
	  (180,107.2)
	–
	–
	3638
	(0.13,1110,289.4)
	–
	–
	–
	–

	pH=13
	318
	0.50
	100
	2348
	(420,168.7)
	–
	–
	18820
	(0.04,1470,315.7)
	–
	–
	–
	–

	pH=13
	328
	0.50
	100
	4859
	   (480,263.8)
	  –
	–
	18006
	(0.11,930,309.5)
	–
	–
	–
	–

	pH=14
	318
	0.50
	100
	     –      (0.36,0.5<,112.2)F    3358     (540,194.4)
	 6427
	(0.23,930,216.6)
	–
	–
	–
	–






 ,  and  are  concentration, time and adsorption capacity at the end of the adsorption on ME site, respectively (corresponding to ,  and  on MI site). ,  and  are  concentration, time and adsorption capacity at the beginning of the plateau, respectively. Units of  ,  and  are in mg g-1 M-1 min-1. A and B refer to cases that there were TDs at 4 and 5 min before starting adsorption process, respectively. C, D, E and F refer to TRAKs in the range of 300–360, 60–90, 180–420 and >0.5–180 min, respectively.

	
Solvent
	
T
	

	
rpm
	


	
     
     NIPPON curve 1
	
              
 NIPPON curve 2 
	

NIPPON curve 3 

	
	
(K)
	
(mM)
	
	
	

	

	

	

	

	

	

	


	
Water
	
318
	
0.25
	
100
	
(1350,177.7)
	
–2.7×10-2
	
1.07
	
(16,12.6)
	
–5.9×10-2
	
1.01
	
(241,61.1)
	
–1.2×10-3
	
0.29

	
	308
	0.50
	100
	(1470,160.0)
	–4.0×10-3
	0.49
	(90,28.3)
	–4.0×10-3
	0.36
	(780,100.3)
	–1.6×10-4
	0.12

	
	318
	0.50
	100
	(1650,275.6)
	–2.5×10-2
	1.44
	(30,31.4)
	–4.7×10-2
	1.45
	(300,113.2)
	–1.1×10-3
	0.32

	
	328
	0.50
	100
	(1110,266.7)
	0
	1.09
	(5,5.5)
	–0.38
	2.29
	(30,27.3)
	–7.6×10-2
	2.35

	
	318
	0.70
	100
	(1350,319.3)
	–0.25
	3.41
	(5,12.7)
	–0.72
	4.29
	(180,99.5)
	–3.4×10-4
	0.06

	
	318A    0.50
	  70
	(1290,281.1)
	–0.62
	3.08
	(60,38.9)
	–1.5×10-2
	0.91
	(420,142.6)
	–7.3×10-4
	0.31

	
	318B    0.50
	  40
	(1470,293.7)
	–8.8×10-3
	0.97B
	(30,21.1)
	–0.04
	1.29
	(420,123.8)
	–7.8×10-4
	0.33

	0.1M NaCl
	318
	0.50
	100
	(1290,316.3)
	–13.89
	13.89
	(60,58.6)
	–1.4×10-2
	0.88
	C(360,141.7)
	–1.0×10-3
	0.38

	pH=2.8
	318
	0.50
	100
	(1290,278.3)
	0
	1.08
	(2,2.2)
	–2.92
	8.77
	D(90,85.7)
	–8.9×10-3
	0.81

	pH=3.8
	318
	0.50
	100
	(780,293.3)
	–11.32
	11.32
	(5,20.4)
	–1.25
	7.50
	(90,120.4)
	–0.02
	1.21

	pH=12
	318
	0.50
	100
	(660,273.6)
	–21.39
	 21.39
	 (15,59.6)
	–0.20
	3.13
	E(420,185.4)      
	  –1.1×10-3
	0.46

	pH=13
	308
	0.50
	100
	(1110,289.4)
	0
	1.28
	(30,38.2)
	–4.1×10-2
	1.28
	(180,170.2)
	–3.5×10-3
	0.64

	pH=13
	318
	0.50
	100
	(1470,315.7)
	–4.35
	4.35
	(10,10.6)
	–0.28
	3.11
	(180,103.8)
	–3.3×10-3
	0.59

	pH=13
	328
	0.50
	100
	(930,309.5)
	0
	0.89
	(30,26.8)
	    –0.10
	2.99
	–
	–
	–

	pH=14
	318
	0.50
	100
	(930,216.6)
	       Very fastF
	(180,110.1)
	–2.2×10-3
	0.41
	–
	–
	–


Table 6. Non-ideal adsorption acceleration and velocity parameters for the first, second and third curves obtained from the NIPPON equation for kinetics of  adsorption on the surface of Co-Al-LDH at 308–328 K

















A and B refer to cases that there are TDs at 4 and 5 min before starting adsorption process and thus for first curve 1,  and  min were used in Eqs. (10) and (11), respectively. C, D, E and F refer to TRAKs in the range of 300–360, 60–90, 180–420 and >0.5–180 min, respectively. Units of ,  and  are in mg g-1 min-2 and those of ,  and  are in mg g-1 min-1. Units of ,  and  are in min and those of ,  and  are in mg g-1. Subscripts fc, sc and tc are abbreviations for starting first curve, starting second curve and starting third curve, respectively.

Table 7. Coefficients of the Elovich equation for adsorption of  adsorption on the surface of ME sites of Co-Al-LDH in various shaking rates and initial  concentrations and media at 308–328 K
	
Solvent
	
T
	

	
       rpm
	

        
	  

         
	    

        

	
	
         (K)
	
      (mM)
	
	(mg g-1 min-1)
	(g mg-1)
	

	
Water
	
318
	
0.25
	
100
	
3.11
	
0.23
	
0.99

	
	308
	0.50
	100
	1.16
	0.06
	0.98

	
	318
	0.50
	100
	3.88
	0.09
	0.99

	
	328
	0.50
	100
	3.67
	0.08
	0.98

	
	318
	0.70
	100
	8.33
	0.10
	0.98

	
	  318A
	        0.50
	70
	–
	–
	–

	
	  318B
	 0.50
	40
	–
	–
	–

	0.1M NaCl
	318
	0.50
	100
	14.55
	0.12
	0.99

	pH=2.8
	318
	0.50
	100
	6.60
	0.09
	0.99

	pH=3.8
	318
	0.50
	100
	15.98
	0.10
	0.99

	pH=12
	318
	0.50
	100
	29.13
	0.05
	0.99

	pH=13
	308
	0.50
	100
	3.56
	0.03
	0.99

	pH=13
	318
	0.50
	100
	4.08
	0.07
	0.92

	pH=13
	328
	0.50
	100
	3.41
	0.014
	0.99

	pH=14
	318
	0.50
	100
	Very fast (0.5 min < )



A and B refer to cases that there were TDs at 4 and 5 min before starting adsorption process, respectively. 










3.3. Kinetics of adsorption of  on MoS2
During recent years, researchers used MoS2 and its composites as efficient adsorbents.72-76 As reported in our previous work,2 the regions of adsorption isotherms of  on MoS2 and their boundaries under different conditions were analyzed by the ARIAN model and were shown in Table S2. Using data of this Table, the appropriate initial concentrations of  were determined for carrying out adsorption kinetic tests.

The adsorption kinetic curves of  on MoS2 were obtained using different initial  concentrations of 0.25, 0.5 and 0.75 mM, shaking rates of 40, 70 and 100 rpm, at 308, 318 and 328 K in water (neutral water), 0.1 M NaCl and in acidic and alkaline solutions at 318 K, Tables 8–11 and Figs. 5, 6 and S7. Under various conditions,  ions were adsorbed on the surface of MoS2 during different time periods (20–180 min) and then reacted with it. Analysis of adsorption kinetics of this process by the KASRA model  showed that  ions were adsorbed on one type of adsorption sites (MI sites) and except adsorption process in 40 rpm in water and at pH=11 solution, kinetic curves were composed of 2 regions. It should be emphasized that adsorption velocity, adsorption acceleration and  parameters were related to diffusion of adsorbate to the surface of adsorbent.

Study of region 1 of adsorption kinetic curves in water (neutral solution) by the KASRA and intraparticle diffusion equations showed that adsorption velocity, adsorption acceleration and  parameters increased with an increase in initial concentration of  from 0.25 mM to 0.75 mM at 318 K and 100 rpm, an increase in temperature from 308 to 328 K at 100 rpm and 0.5 mM  and increasing shaking rate from 40 to 100 rpm at 318 K and 0.5 mM . At 70 and 40 rpm, there were TDs at 7.5 and 10 min, respectively.

But, in 0.1 M NaCl and 0.5 mM , due to competition of chloride ions with  ions for adsorption on Mo atoms of adsorption sites of MoS2, adsorption velocity, adsorption acceleration and  parameters decreased compared with those in 0.5 mM  in water.

In acidic solutions, in region 1 of kinetic curves, due to interaction of H+ with S atoms of adsorbent surface, zeta potential of MoS2 got less negative77,78 and due to the formation of bigger neutral  molecules,70 adsorption velocity, adsorption acceleration and  parameters decreased with a decrease in pH from neutral (in water) to 1 and in region 2, due to occupation of less number of adsorption sites in region 1, these parameters increased with a decrease in pH of solution. 

In alkaline solutions, at pH=11, there was only region 1. In this region of kinetic curve,  ions competed with  ions for interaction with adsorption sites (Mo atoms) of adsorbent and decreased the amounts of adsorption velocity, adsorption acceleration and  parameters of  adsorption. 

Unexpectedly, above-mentioned parameters increased greatly at pH=12 which was due to change in mechanism of reaction and replacing a number of water molecules with hydroxide ions as nucleophilic agents in reaction between MoS2 and  ions2 and thus its adsorption velocity and acceleration and  values in regions 1 and 2 increased drastically compared with those in pH ranges from 1 to 11, Table 8. 


On the other hand, rate constants obtained from the ISO equation gave us an insight of the adsorption interaction that happened on the adsorption site. Analysis of regions 1 and 2 of adsorption kinetic curves by ISO equation showed that region 2 was composed of only one part and its value was greater than that of region 1 thus it was part 2b.  and  values in water increased with an increase in temperature from 308 to 328 K at 0.5 mM  and 100 rpm, Table 9. Activation energies of regions 1 and 2 in water were 59.3 and 69.4 kJ mol-1 respectively and thus the adsorption process in these regions were adsorption-controlled.




It was observed that  and  values in water decreased with a decrease in shaking rate of solution or initial concentration of . Also, it should be mentioned that 0.25 mM  (based on the KASRA model) had only region 1 (or in region I in its related isotherm based on the ARIAN model) and  ions were adsorbed on the most active adsorption sites without encountering hindrance of adsorbed  ions. Thus, its  value was greater than  values observed in other tests.


 and  values in 0.1 M NaCl decreased compared with those in water at 318 K due to competitive adsorption of chloride ion with .


In acidic pHs, because of interaction of H+ with surface,  and  values increased with decreasing pH but due to an increase in chloride ion concentration with a decrease in pH from 2 to 1 their values decreased a little. 

At pH=11,  value increased a little compared with that in water. This is due to interaction of  ions with some adsorbent sites that decreased its adsorption capacity. Free  ions encountered less steric hindrance from the small amount of adsorbed ones and this resulted in a little faster interaction of  ions with adsorbent surface at pH=11 compared with that in water. 


At pH=12, due to stronger reaction between  ions and MoS2 and faster consumption of  ions,  and  values in regions 1 and 2 increased drastically compared with those in pH ranges from 1 to 11. 
Adsorption kinetics of  on MoS2 were analyzed by NIPPON equation, Table 10. By this analysis, an excess ideal curve was observed at the begining of adsorption kinetic diagrams of 0.5 mM  at 308 and 318 K and 0.75 mM  at 318 K in water and in 0.5 mM  in water, 0.1 M NaCl and at pHs of 2 and 11 at 318 K and 100 rpm compared to analysis with the KASRA model. These observations showed that activities of most active adsorption sites located in initial time ranges of first region obtained from the KASRA model were somehow bigger than activities of rest of this kind of adsorption sites.
On the other hand, the NIPPON equation analysis of adsorption kinetic diagrams of 0.25 mM  at 318, 0.5 mM  at 328 K, 100 rpm and 0.5 mM  at 70 and 40 rpm at 318 K and 0.5 mM  at pHs of 1 and 11 at 318 K and 100 rpm did not show any extra ideal curve at the beginning of them. These observations showed that in these cases the most active adsorption sites of adsorbent in the first region of the KASRA model were similar together.

Analysis of adsorption of  on adsorption sites of MoS2 with the Elovich equation showed that  values changed randomly with an increase in pH, temperature and  concentration, Table 11.
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Fig. 5 Kinetic curves of adsorption of  on MoS2 in water in initial  concentrations of □ 0.25 mM at 318 K, 0.5 mM at ▲ 308 K, ◊ 318 K and × 328 K and ○ 0.75 mM at 318 K and + 0.5 mM in 0.1 NaCl at 318 K and 100 rpm
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Fig. 6 Kinetic curves of adsorption of  on MoS2 in water in initial  concentrations of 0.5 mM of  in □ water and pHs of ◊ 1, ● 2, + 11 and - 12 and 100 rpm and at × 40 rpm and ∆ 70 rpm at 318 K

3.3.1. Recycling the used MoS2
In this work, the used MoS2 was recycled using a mixture of oxalic and sulfuric acids. In a series of tests, a mixture of 4 ml of 0.1 M oxalic acid and 1 ml of 0.5 M sulfuric acid were added to 0.01 g of the used MoS2 at room temperature. Mixture was stirred for 10 minutes and the deposited MnO2 into MoS2 was reduced to Mn2+ according to the following reaction
                                                               (14)
Comparison of EDS spectra of the initial used MoS2 sample and recycled MoS2 showed there was a trace amount of manganese in the product of reaction (14) which verified recycling the used MoS2 by this reaction, Figs. 7(a) and 7(b).
After three times recycling of the used MoS2, the adsorption capacity of the recycled MoS2 was between 85% and 90% of that of as-synthesized adsorbent.  
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Fig. 7 EDS spectra of a sample of the used MoS2 (a) before and (b) after recycling by using a mixture of 4 ml of 0.1 M oxalic acid and 1 ml of 0.5 M sulfuric acid solutions




 













Table 8. Experimental , ,  and values and coefficients obtained from the KASRA equation and  values of intraparticle diffusion equation for kinetics of  adsorption on MoS2 at different temperatures and in various shaking rates and initial  concentrations and media
	
Solvent
	
     T      rpm
	


	
KASRA region 1
	
KASRA region 2

	
	
   (K)
	
(mM)
	
	
	

	

	

	

	

	

	


	
         Corresponding to:
	
ARIAN region I
	
ARIAN region II

	
Water
	
 318
	
0.25
	
100
	
(90,149.6)
	
–0.04
	
3.57
	
21.0
	
–
	
–
	
–
	
–

	
	 308
	0.50
	100
	(180,164.2)
	
–0.06
	
2.14
	
  7.0
	
(30,39.1)
	–2.0×10-2
	2.41
	22.7

	
	 318
	0.50
	100
	(120,273.2)
	–0.11
	4.67
	22.5
	(30,91.9)
	–1.2×10-2
	2.51
	30.7

	
	328
	0.50
	100
	(90,313.4)
	–0.54
	11.0
	21.9
	(20,119.9)
	–2.2×10-2
	3.56
	38.9

	
	318
	0.75
	100
	(120,335.6)
	–0.23
	8.34
	33.9
	 (30,145.1)
	–1.2×10-2
	2.72
	34.3

	
	318A
	0.50
	  70
	(180,125.5)
	–0.05
	1.90
	8.70
	(20,15.0)
	–1.0×10-2
	1.65
	15.6

	
	318B
	0.50
	  40
	(120,90.1)
	–0.006
	1.24
	12.3
	–
	–
	–
	–

	0.1M NaCl
	 318
	0.50
	100
	(120,196.9)
	–0.07
	2.52
	9.80
	 (30,44.1)
	–0.03
	3.25
	34.3

	pH=1
	 318
	0.50
	100
	(120,272.0)
	–0.72
	13.2
	27.8
	 (20,119.6)
	–1.4×10-2
	2.31
	23.4

	pH=2
	 318
	0.50
	100
	(60,258.3)
	–0.11
	7.53
	41.8
	 (20,128,9)
	–2.6×10-2
	3.87
	39.8

	pH=11
	 318
	0.50
	100
	(60,76.0)
	–0.016
	1.57
	10.4
	–
	–
	–
	–

	pH=12
	 318
	0.50
	100
	(20,241.5)
	0.00
	18.0
	62.2
	(7, 128.3)
	–1.27
	16.9
	62.5












Units of  andare in mg g-1 min-2 and those of  and  are in mg g-1 min-1. Units of  and  are in min and those of  and  are in mg g-1. In region 1,  and  are equal to zero. A and B refer to cases that there are TDs at 7.5 and 10 min before starting adsorption process, respectively.
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Table 9. Coefficients of region 1 and region 2 (parts 2a and 2b) of the ISO equation for kinetics of  adsorption on MI sites of MoS2 at 308–328 K
	
Solvent
	
  T
	

	
rpm          
	
     
	
                          (

	
	
  (K)      (mM)
	
	
                   (min,mg g-1)                  (min,mg g-1)                      (mM,min,mg g-1)                        

	
                Corresponding to:        
	
     ARIAN region I
	
                            ARIAN region II

	
Water
	
318
	
0.25
	
100
	
   27718
	
–
	
–
	
–
	
–
	
   (0.11,90,149.6)

	
	308
	0.50
	100
	   2287
	(30,39.1)
	–
	–
	   5363
	  (0.34,180,164.2)

	
	318
	0.50
	100
	  7623
	(30,91.9)
	–
	–
	16517
	  (0.22,120,273.2)

	
	328
	0.50
	100
	  9286
	(20,111.9)
	–
	–
	27857
	   (0.20,90,313.4)

	
	318
	0.75
	100
	  8558
	(30,145.1)
	–
	–
	13226
	   (0.43,120,335.6)

	
	318A
	0.50
	  70
	  1977
	(20,15.0)
	–
	–
	  4284
	   (0.38,180,125.5)

	
	318B
	0.50
	  40
	  1522
	–
	–
	–
	–
	    (0.42,120,90.1)

	0.1M NaCl
	318
	0.50
	100
	  2832
	(30,44.1)
	–
	–
	13454
	   (0.28,120,196.9)

	pH=1
	318
	0.50
	100
	  13499
	(20,119.6)
	–
	–
	14624
	   (0.24,120,272.0)

	pH=2
	318
	0.50
	100
	  25348
	(20.0,128.9)
	–
	–
	35488
	    (0.26,60,258.3)

	pH=11
	318
	0.50
	100
	   7993
	–
	–
	–
	–
	     (0.43,60,76.0)

	pH=12
	318
	0.50
	100
	  88376
	  (7,128.3)
	      –
	     –
	  239706
	  (0.20,20,241.5)








A and B refer to cases that there are TDs at 7.5 and 10 min before starting adsorption process, respectively. ,  and  are  concentration, time and adsorption capacity at the beginning of the plateau respectively. Units of  ,  and  are in mg g-1 M-1 min-1.
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Table 10. Non-ideal adsorption acceleration and velocity parameters for the first, second and third curves obtained from the NIPPON equation for kinetics of  adsorption on the surface of MoS2 at 308–328 K
	
Solvent
	
T
	

	
rpm
	


	
    
    NIPPON curve 1
	
              
 NIPPON curve 2 
	

NIPPON curve 3 

	
	
(K)
	
(mM)
	
	
	

	

	

	

	

	

	

	


	
Water
	
318
	
0.25
	
100
	
(90,149.6)
	
–17.02
	
17.02
	
(10,40.5)
	
–0.46
	
5.01
	
–
	
–
	
–

	
	308
	0.50
	100
	(180,164.2)
	0
	3
	(5,15.0)
	–1.24
	7.4
	(30,91.9)
	–0.13
	3.99

	
	318
	0.50
	100
	(120,273.2)
	0
	2.05
	(10,20.5)
	–0.15
	1.61
	(30,39.1)
	–0.10
	2.99

	
	328
	0.50
	100
	(90,313.4)
	–36.1
	36.1
	(20,111.9)
	–0.30
	6.27
	–
	–
	–

	
	318
	0.75
	100
	(120,335.6)
	–6.64
	6.64
	(5,33.2)
	–2.10
	12.57
	(45,191.0)
	–0.07
	3.18

	
	318
	0.50
	  70
	(180,125.5)
	–0.21A
	1.76A
	(20,15.0)
	–0.12
	2.56
	–
	–
	–

	
	318
	0.50
	  40
	(120,90.1)
	–0.17B
	1.90B
	(30,22.3)
	–0.05
	1.61
	–
	–
	–

	0.1M NaCl
	318
	0.50
	100
	(120,196.9)
	–2.23
	2.23
	(10,22.3)
	–0.17
	1.92
	(30,44.1)
	–0.12
	3.85

	pH=1
	318
	0.50
	100
	(120,272.0)
	–39.6
	39.6
	(20,119.6)
	–0.19
	3.97
	–
	–
	–

	pH=2
	318
	0.50
	100
	(60,258.3)
	–7.17
	7.17
	(5,35.9)
	–2.07
	12.40
	(20,138.9)
	–0.28
	5.85

	pH=11
	318
	0.50
	100
	(60,76.0) 
	–2.76
	2.76
	(10,27.6)
	–0.24
	2.62
	–
	–
	–

	pH=12
	318
	0.50
	100
	(20,241.5)
	–36.71
	36.71
	(3,50.9)
	–7.46
	29.85
	–
	–
	–




















A and B refer to cases that there are TDs at 7.5 and 10 min before starting adsorption process and thus for curve 1,  and  min were used in Eqs. (10) and (11), respectively. Units of ,  and  are in mg g-1 min-2 and those of ,  and  are in mg g-1 min-1. Units of ,  and  are in min and those of ,  and  are in mg g-1. Subscripts fc, sc and tc are abbreviations for starting first curve, starting second curve and starting third curve, respectively.



Table 11. Coefficients of the Elovich equation for adsorption of  adsorption on the surface of MoS2 in various shaking rates and initial  concentrations and media at 308–328 K
	
Solvent
	
T
	

	
       rpm
	

        
	  

         
	    

        

	
	
         (K)
	
      (mM)
	
	(mg g-1 min-1)
	(g mg-1)
	

	
Water
	
318
	
0.25
	
100
	
28.68
	
0.08
	
0.96

	
	308
	0.50
	100
	11.83
	0.03
	0.98

	
	318
	0.50
	100
	5.53
	0.06
	0.98

	
	328
	0.50
	100
	30.96
	0.02
	0.99

	
	318
	0.75
	100
	2.28
	0.05
	0.98

	
	318A
	0.50
	70
	–
	–
	–

	
	318B
	0.50
	40
	–
	–
	–

	0.1M NaCl
	318
	0.50
	100
	6.09
	0.05
	0.99

	pH=1
	318
	0.50
	100
	30.79
	0.02
	0.99

	pH=2
	318
	0.50
	100
	21.73
	0.01
	0.98

	pH=11
	318
	0.50
	100
	54.35
	0.01
	0.99

	pH=12
	318
	0.50
	100
	5.36
	0.06
	0.90



A and B refer to cases that there are TDs at 7.5 and 10 min before starting adsorption process, respectively.


4. Conclusions



Reduction of  ions to MnO2 by water molecules was catalyzed after its adsorption on the surface of carbonate intercalated Co-Al-LDH in the pH range of 1–13 and  reacted with MoS2 in the pH range of 1–12. Adsorption kinetic tests were carried out at different temperatures, ionic strengths, pH, initial adsorbate concentrations and shaking rates. The adsorption kinetics was studied by the KASRA model and the KASRA, Elovich, ISO, intraparticle diffusion and NIPPON equations. Results showed that kinetic parameters like , , , adsorption velocities and accelerations of  on Co-Al-LDH were increased with an increase in temperature, shaking rate, initial  concentration and decrease in pH. But, these parameters at pHs of 12 and 13, due to formation of  ions, were less than their values in neutral water and at pH=14, due to a change in mechanism of reaction,  ions reacted with Co2+ ions of the adsorbent.



However, in the case of MoS2,  ions were adsorbed on MI sites of MoS2 and then reacted with it and reduced to MnO2 in the pH range of 1–12. Study of kinetic curves showed that they were composed from regions 1 and 2 and adsorption velocity and acceleration and ,  and  decreased from region 1 to region 2 and in region 1, these parameters increased with an increase in  initial concentration, temperature, shaking rate and acidic pHs and decreased in 0.1 M NaCl and pH=11 compared to their values in water. At pH=12, water molecules were replaced by hydroxide ions and MoS2 reacted more rapidly with adsorbed  compared to that in water and changed it to MnO2. 



,  and  values of adsorption of  on MoS2 were much greater than those for Co-Al-LDH and adsorption of  on MoS2 was very faster than that on Co-Al-LDH.
In this work, the NIPPON equation was introduced. Based on this equation, compared to the KASRA model, an excess curve was observed in the beginning of some adsorption kinetic diagrams that showed some of the most active sites were a little more active than the other ones. Also, in some cases, change in boundary of some curves showed that sites of boundary of some regions are more similar to one of regions. Finally, in this work the used MoS2 was recycled by using a mixture of oxalic and sulfuric acid solutions. 
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