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Abstract
Permanganate (MnO–

4 ) ions were adsorbed on carbonate intercalated Co-Al-layered double hydroxide (Co-Al-LDH) and 
MoS2 and after a while the adsorbed MnO–

4   ions were reduced to MnO2. Reduction of adsorbed MnO–
4   ion was catalyzed 

on the surface of carbonate intercalated Co-Al-LDH but MnO–
4   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 ad-
sorption 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.

Keywords Co-Al-LDH, MoS2, potassium permanganate, adsorption, NIPPON equation, KASRA model

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 envi-
ronment.  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 in-
dustry for compound separation and wastewater treat-
ment. This technology is especially featured by cost effec-
tiveness and ease of design and operation.

Potassium permanganate (KMnO4) is a strong oxi-
dizing 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 
MnO–

4  on Co-Al-LDH and MoS2 nanocompounds were 
studied by the KASRA model and the KASRA, ISO, NIP-
PON, Elovich and intraparticle diffusion equations. MnO–

4  

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 hy-
droxides (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 photo-
synthesis,6 biomedical sectors,7 oxygen evolution reaction 
towards efficient hydrogen generation,8 controlled drug 
release and delivery9 and as adsorbent,10 corrosion inhib-
itors,11 supercapacitors12 and inorganic flame-retardant 
fillers.13 In this work, Co-Al-LDH was used for adsorption 
of MnO–

4  ions and catalyzed their reduction to MnO2. As 
reported before, Co-Al-LDH was used as catalyst for re-
duction of dyes,14 CO2 reduction in aqueous media,15 ef-
ficient superoxide dismutase-like nanozyme,16 enhanced 
catalyst for carbon-carbon coupling17 and as one of com-
ponents of a photocatalyst.18
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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  togeth-
er,2,19–21 Fig. S1(b). MoS2 shows polytypism and has three 
various configurations like 1T,22 2H23 and 3R24 that rep-
resent its trigonal, hexagonal and rhombohedral arrange-
ments, 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 engi-
neering,30 electronic and optoelectronic devices,31 energy 
storage,32 solar energy storage,33 and biomedical applica-
tions.34

Potassium permanganate (KMnO4), known as “Con-
dy’s Crystal”, is a strong oxidizing inorganic compound 
and has many applications like medical uses,35 water treat-
ment 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 adsor-
bents for  MnO–

4 . 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 scan-
ning 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 MnO–

4  concentration, 
temperature, shaking rate, contact time and ionic strength 
on adsorption capacity of Co-Al-LDH and MoS2 for  
MnO–

4  . Also, in this work, NIPPON equation was intro-
duced for analysis of adsorption kinetic process. The kinet-
ics of adsorption of MnO–

4   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 process-
es. In this study, using information obtained from carrying 
out kinetic tests and our previous works,1,2 mechanism of 
adsorption kinetics of MnO–

4  on Co-Al-LDH and MoS2 
were investigated.

2. Materials and Methods
2. 1. Chemicals

Aluminum nitrate (Al(NO3)3.9H2O) (>98.5%), co-
balt nitrate (Co(NO3)2.6H2O) (>99%), sodium carbonate 
(99.9%), sodium molybdate (Na2MoO4.2H2O) (>99.5%), 
thioacetamide (>99%), hydrochloric acid (37%), concen-
trated sulfuric acid (98%), oxalic acid (>99%), sodium hy-
droxide (>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 char-
acterized by XRD, SEM, EDS, FTIR, BET and XPS tech-
niques which confirmed their formation1,2 and were used 
for studying thermodynamics1,2 and kinetics of adsorp-
tion of MnO–

4  on Co-Al-LDH and MoS2. It was shown that 
MnO–

4  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, re-
spectively.

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 MnO–
4  

solutions. Initial concentrations of MnO–
4  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 temper-
ature 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 
MnO–

4  in the solutions were measured at different contact 
times during the course of adsorption, through photom-
etry at their lmax values by a UV mini 1240V Shimadzu 
spectrophotometer. The lmax values of MnO–

4  in neutral 
water, acidic and alkaline media were 527 and 546 nm and 
that of MnO4

2– in alkaline media was 437 nm. The relation 
used to calculate MnO–

4  adsorption capacity on the Co-Al-
LDH or MoS2, qt  (mg g–1), was as follows

			   (1)

where qt is adsorption capacity at time t (mg g–1), c0 and ct 
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 thermody-

namic isotherms of MnO–
4  on the surface of Co-Al-LDH 

and MoS2 were analyzed by “adsorption isotherm regional 
analysis model” that is abbreviated as the ARIAN model 
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and their adsorption mechanism were explained by anal-
ysis 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 Supple-
mentary material,42–46 Fig. S2. Briefly, this model is com-
posed 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 ad-
sorption 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 desorp-
tion is observed. Adsorption kinetic tests of MnO–

4  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 kdif is the rate 
constant for intraparticle diffusion.

Another equation used for analysis of adsorption ki-
netics is the Elovich equation48 that is written as

			   (3)

where a is initial adsorption rate and b is the Elovich con-
stant.

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 regions is called start-
ing 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:

			   (4)

where q0i, v0i and t0i are qt, velocity and time at the begin-
ning of the ith region, respectively and ai is the acceleration 

of adsorption kinetics in the ith region whereas i = 1–4. 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 i = 1–3. Each ai is a nega-
tive value because during adsorption process the adsorb-
ate concentration decreases. In the first region, t01 and q01 
are equal to zero. The second region begins from ssr point 
which is assigned with the coordinates t02 and q02. Finally, 
plateau (third) region starts at the equilibrium time, te and 
equilibrium adsorption capacity, qe which are coordinates 
of kat point. In this region, v03 = a3 = 0, t03 = te and q03 
= qe and Eq. (4) is simplified to qt = qe. 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 re-
gions in isotherms and kinetic curves, kinetic regions are 
shown using numbers like region 1, etc. Typical adsorp-
tion kinetic curves of MnO–

4  on Co-Al-LDH and MoS2 ac-
cording to the KASRA model were shown in Fig. 1.

Fig. 1 Typical adsorption kinetic diagrams of MnO–
4  on (a) Co-Al-

LDH and (b) MoS2 based on the KASRA model

The ideal-second-order (or abbreviated as ISO) equa-
tion50 is written as

			   (5)

where kI = k2
I qe

 and k2
I are the first- and second-order ad-

sorption rate constants of the ISO equation in each region 
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and are in M–1 mg g–1 min–1 and M–1 min–1, respective-
ly and , 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 adsorp-
tion occurs in sequence on their first, then second, ..., (m 
– 1)th and mth sites, respectively. In these cases, there are 
m kinetic curves and in Eq. (5), qe and ce are used for mth 
site and for m – 1other sites and these symbols are replaced 
with qi

t,max and ci
t,max, where i = l, ... m –1. qi

t,max and ci
t,max 

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 re-
gions in adsorption kinetic curves before reaching the pla-
teau 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 hap-
pened on the surface of adsorbent in region 1 finally result 
in emerging another ideal region (region 2) in which ad-
sorption 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 sec-
ond 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 kI1 and those of the second region are shown with 
kI2a and kI2a , respectively. Also, the ISO second-order rate 
constant of region 1 is shown with k2

I1 and those of the sec-
ond region are shown with k2

I2a and k2
I2b, respectively. Due 

to decrease in adsorbate concentration with time, the ISO 
rate constant of region 1 is greater than part a of region 2 
or part 2a, i.e. kI1 > kI2a and in part b of region 2 (or part 
2b), adsorption ends to plateau and due to this sudden 
change kI2b is greater than both kI1 and kI2a, thus we have 
kI2b > kI1 > kI2a. Similarly, for the ISO second-order rate 
constants we have k2

I2b > k2
I1 > k2

I2a.
If the ISO rate constant of a step obeys the Arrheni-

us 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 suc-
cessive 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 ob-
served 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 in-
itial 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 to-
gether and other kinetic curves, their first-order rate con-
stants obtained from the ISO equation are used.

If adsorption results in a TRAK, qi
t,max and ci

t,max are 
replaced by cq

T and cn
T, respectively. qn

T and cn
T are adsorption 

capacity of adsorbent and adsorbate concentration at the 
beginning of the TRAK between nth and (n + 1)th kinetic 
curves, respectively. In these cases, ki = k2

I, qn
T 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 interac-
tions, 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 spe-
cies. 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 high-
er 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 parame-
ters of the same type adsorption sites that have different ac-
tivities. By considering a time range of adsorption kinetics 
belonging to one average type of adsorption site as a con-
tinuous non-ideal process, the time function of non-ideal 
adsorption capacity, qt, 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 
qt with time was written as

� (6)

By using the relation  Eq. (6) can be 
written as

� (7)

where k is the rate constant of the equation (6). By integra-
tion of Eq. (7) we have

� (8)
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� (9)

where cte = qN
ts + kln(1 + ts). qN

ts and ts are adsorption ca-
pacity and time in the starting point of the assumed time 
range, respectively. When t << 1 we have ln(1 + t) £ t  and 
then

� (10)

Dimension of natural logarithm argument, 1 + t, is 
in . Equation (9) 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.

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. (11) and 
(12), were obtained respectively. These equations are as 
follows

Table 1. Adsorption acceleration and velocity parameters for the first and second region and related tssr and qssr values obtained from analysis of some 
adsorption processes by the KASRA model

Sym-	 Adsorption process	                     First region			                         Second region
bol		  a01	 v01	 tssr	 qssr	 a02	 v02	 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	 0	 0.33	 5.3	 1.4	 –6.7 × 10−5	 8.7 × 10−3	 55
	 of DOC) by multiwalled carbon nanotubes at 5 ˚C
C	 Adsorption of natural dissolved organic matter (in	 –2.0 × 10−4	 5.2 × 10−3	 20.3	 0.08	 –1.2 × 10−5	 9.2 × 10−4	 55
	 terms of AOC) by multiwalled carbon nanotubes at 5 ˚C	
D	 Adsorption of direct yellow12 on coconut shell	 –0.02	 1.46	 10	 14.9	 –1.4 × 10−4	 1.49	 56
	 activated carbon
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	 –0.17	 0.61	 10	 9.6	 –4.0 × 10−3	 0.24	 58
	 by chitosan 8B
G	 Adsorption of methylene blue on activated carbon	 0	 13.90	 10.3	 143.4	 –3.8 × 10−2	 2.88	 59
	 obtained from waste Elaeagnus stone
H	 Adsorption of malachite green on activated carbon	 0	 20.90	 9.6	 200.7	 –5.6 × 10−2	 4.75	 59
	 obtained from waste Elaeagnus stone
I	 Adsorption of rhodamine B on activated carbon obtained	 0	 14.27	 10.3	 147.0	 –2.4 × 10−2	 2.30	 59
	 from waste Elaeagnus stone
J	 Adsorption of methyl orange on banana peel*	 0	 0.16	 5	 0.8	 –4.0 × 10−3	 0.27	 60
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)	 0	 5.72	 12.8	 73.2	 –8.4 × 10−2	 10.45	 61
	 (PAA)-based super-adsorbent nanocomposite hydrogel
M	 Adsorption of remazol Y onto steam-activated carbons	 0	 24.52	 1.7	 41.7	 –0.12	 2.03	 62
	 developed from date pits at pH = 3 and 37 ˚C
N	 Adsorption of methylene blue onto steam-activated	 0	 88.58	 1.2	 106.3	 –8.8 × 10−2	 2.95	 62
	 carbons developed from date pits at pH = 5 and 27 ˚C
O	 Adsorption of acid red on corn stalks modified	 0	 2.03	 3.5	 7.1	 –4.0 × 10−3	 0.26	 63
	 bycetylpyridinium bromide at 328 K
P	 Adsorption of acid orange on corn stalks modified	 0	 2.28	 5.6	 10.5	 –2.0 × 10−3	 0.15	 63
	 bycetylpyridinium bromide at 318 K
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 –4.4 × 10−2	 0.21	 10	 2.8	 –8.7 × 10−4	 0.08	 50
	 at 318 K and 80 rpm and 0.045 mM methylene blue	

Units of a01 and a02 were in mg g–1 hour–2, v01 and v02 were in mg g–1 hour-1 and tssr and qssr were in hour and mg g–1 in example L and a01 and a02 
were in μmol g–1 min–2, v01 and v02 were in μmol g–1 min–1 and tssr and qssr were in min and μmol g–1 in example F, respectively. In other cases, a01 
and a02 were in mg g–1 min–2, v01 and v02 were in mg g–1 min–1 and tssr and qssr 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.

Fig. 2 Schematic comparison of adsorption kinetics by the (a) KAS-
RA and (b) NIPPON equations. One type of functional group as 
adsorption site with two different types of activities was shown in 
green and adsorbate species were shown in red
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In some adsorption processes, depending on the 
nature of adsorbent or adsorbate, it is possible to observe 
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, Ta-
ble 2 and Fig. S4. Here, to calculate non-ideal velocity and 
acceleration of adsorption of adsorbates by using equa-
tions (11) and (12), and were used for the first and second 
curves, 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 

Table 2. Non-ideal adsorption acceleration and velocity parameters for the first and second NIPPON curves and related tsc and qN
sc values obtained 

from analysis of some adsorption processes by the NIPPON and KASRA equations

Sym-	 Adsorption process	                     First curve				                         Second curve 
bol		  aN

fc	 vN
fc 	 tsc	 qN

sc	 aN
sc	 vN

sc 	 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	 0	 0.33	 5.3	 1.4	 –0.005	 0.03	 55
	 of DOC) by multiwalled carbon nanotubes at 5 ˚C
C	 Adsorption of natural dissolved organic matter (in terms	 0.035	 –0.035	 –	 –	 –	 –	 55
	 of AOC) by multiwalled carbon nanotubes at 5˚C
D	 Adsorption of direct yellow12 on coconut shell activated	 0	 1.49	 20	 30.2	 –0.46	 5.02	 56
	 carbon
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	 –4.18	 4.18	 –	 –	 –	 –	 58
	 by chitosan 8B
G	 Adsorption of methylene blue on activated carbon	 –17.88	 17.88	 –	 –	 –	 –	 59
	 obtained from waste Elaeagnus stone
H	 Adsorption of malachite green on activated carbon	 –19.07	 19.07	 –	 –	 –	 –	 59
	 obtained from waste Elaeagnus stone
I	 Adsorption of rhodamine B on activated carbon	 –17.54	 17.54	 –	 –	 –	 –	 59
	 obtained from waste Elaeagnus stone
J	 Adsorption of methyl orange on banana peel*	 0	 0.16	 5	 0.8	 –0.10	 0.61	 60
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)	 0	 5.72	 12.8	 73.2	 –1.51	 20.79	 61
	 (PAA)-based super-adsorbent a nocomposite hydrogel
M	 Adsorption of remazol Y onto steam-activated carbons	 0	 24.52	 1.7	 41.7	 –1.47	 3.96	 62
	 developedfrom date pits at pH=3 and 37 ˚C
N	 Adsorption of methylene blue onto steam-activated	 0	 88.58	 1.2	 106.3	 –5.15	 11.32	 62
	 carbons developed from date pits at pH=5 and 27 ˚C
O	 Adsorption of acid red on corn stalks modified by	 0	 2.03	 3.5	 7.1	 –0.14	 0.63	 63
	 cetylpyridinium bromide at 328 K
P	 Adsorption of acid orange on corn stalks modified by	 0	 2.28	 5.6	 10.5	 –0.05	 0.31	 63
	 cetylpyridinium bromide at 318 K
Q	 Adsorption of malachite green on seeds of dates at 15 ˚C	 –56.61	 56.61	 –	 –	 –	 –	 64
R	 Adsorption of methylene blue on nanocrystalline	 –1.34	 1.34	 –	 –	 –	 –	 50
	 cellulose at 318 K and 80 rpm and 0.045 mM methylene blue

Units of aN
fc and aN

sc were in mg g–1 hour–2, vN
fc and vN

sc were in mg g–1 hour–1 and tsc and qN
sc were in hour and mg g–1 in example L and aN

fc and aN
sc were 

in μmol g–1 min–2, vN
fc and vN

sc were in μmol g–1 min–1 and tsc and qN
sc were in min and μmol g–1 in example F, respectively. In other cases, aN

fc and aN
sc 

were in mg g–1 min–2, vN
fc and vN

sc were in mg g–1 min–1 and tsc and qN
sc  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. (11) and (12), respectively. Subscripts fc and sc are abbreviations for starting first curve 
and starting second curve, respectively.

� (11)

� (12)

where vN
t and aN

t were non-ideal velocity and acceleration of 
adsorption of adsorbate, respectively. On the other hand, 
at t = 0, vN

0 = k and aN
0 = –k and t = te we have

� (13)

� (14)

where vN
e and aN

e were non-ideal velocity and acceleration 
of adsorption of adsorbate at t = te, respectively. In initial 
time ranges of adsorption, the process is ideal and may 
obey from the KASRA equation.
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2H-MoS2 were synthesized.1,2 Analysis of products of 
adsorption of MnO–

4  on Co-Al-LDH verified that Co-Al-
LDH catalyzed reduction of MnO–

4  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 MnO–
4  

adsorption on MoS2 confirmed that MnO–
4  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 MnO–
4 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 ki-
netics and thermodynamics of these processes were stud-
ied by researchers. As observed in our earlier work,1 the 
boundary of regions of adsorption isotherms of MnO–

4  
on Co-Al-LDH under different conditions were shown in 
Table S1. Based on these data, appropriate initial concen-
trations of MnO–

4  were used for doing adsorption kinetic 
tests.

The adsorption kinetics of MnO–
4  on Co-Al-LDH 

was studied using various initial MnO–
4  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, MnO–

4  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 MnO–

4  (in region I of the thermodynamic AR-
IAN model) MnO–

4  ions were adsorbed on ME adsorption 
sites. However, in initial MnO–

4  concentrations of 0.5 and 
0.7 mM (in region II of the thermodynamic ARIAN mod-
el) in water and 0.1 M NaCl, MnO–

4  ions were adsorbed on 
both ME and MI adsorption sites. Tests showed that an 
increase in the initial MnO–

4  concentration, shaking rate, 
temperature or ionic strength (other parameters were con-
stant) increased the values of kdif, adsorption acceleration, 
initial adsorption rates, kI1 and kI2b (both for kinetic curve 
of adsorption on ME sites), and kI2a (for kinetic curve of 
adsorption on MI sites). Region 2 for kinetic curve of ad-
sorption 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 kdif, adsorp-
tion acceleration, initial adsorption rates and a vigorous 
increase in kI1 and kI2b (both for adsorption on ME sites) 
and kI2a (for adsorption on MI sites) was observed com-
pared to those in water at 318 K was due to that CO2

3 – ions 
were surrounded by Na+ ions, which decreased electric re-
pulsion between CO2

4 – and MnO–
4  ions. Also, an initial high 

adsorption capacity for MnO–
4  ions resulted in emerging 

a TRAK in its adsorption kinetic curve, Table 3. Activa-
tion energies of kI1 and kI2b (both for the adsorption on 

ME sites) and kI2a (for the adsorption on MI sites) in wa-
ter 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 forma-
tion of bigger neutral HMnO4 molecules.70 Because of a 
decrease in formal charge of MnO–

4  ions, kdif, adsorption 
acceleration, initial adsorption rates, kI1 and kI2b 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 adsorp-
tion capacity,1 we noticed that kdif, adsorption accelera-
tion, initial adsorption rates, kI1 and kI2b 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, kdif, adsorption acceleration, in-
itial adsorption rates, kI1 and kI2b (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 kdif, adsorption acceleration, 
initial adsorption rates, kI1 and kI2b because of the neutrali-
zation of amphoteric Al–OH groups of adsorbent, and also 
changing large amount of MnO–

4  to MnO2
4 – Tables 4 and 5.

At pH=13, due to neutralization of some hydroxide 
groups and increasing adsorbent surface negative charge, 
MnO–

4  ions were adsorbed only on ME sites. Activation 
energies of kI1 (for adsorption on ME sites) was 46.3 kJ 
mole–1 which showed that the kinetics of this step was ad-
sorption-controlled, similar to that in water. However, kI2b 
values did not obey Arrhenius equation that confirmed 
that kinetics of adsorption of MnO–

4  ions in this step was 
diffusion-controlled.

At pH=14, similar to pH of 13, MnO–
4  ions were ad-

sorbed on ME sites and due to very fast adsorption and 
reaction of MnO–

4  ions with ME adsorption sites, qt value 
of ME sites reached 112.2 mg g–1 (about 50% of total ad-
sorption capacity of adsorbent) within less than half min-
ute after the adsorption test started.

Because of the consumption of MnO–
4  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 MnO–

4  ions from MnO4
2– ions in solution1 resulted in the contin-

uation of adsorption process, Tables 3 and 4. Comparison 
of EDS spectra of adsorbent samples after 1.5 and 8 hours 
in 1 mM MnO–

4  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 MnO–
4  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 MnO–

4  at 318 K, 0.5 mM MnO–
4  at 

328 K, 0.7 mM MnO–
4  at 318 K in water and in 0.5 mM 
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MnO–
4  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 
MnO–

4  at 308 and 318 K at 100 rpm and 0.5 mM MnO–
4  at 

318 K at 70 rpm by NIPPON equation showed that there 
were no excess ideal curve in the beginning of them com-
pared to regions obtained from the KASRA model. In cas-
es 0.5 mM MnO–

4  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 re-
gion obtained from the KASRA model. In the case of 0.5 
mM MnO–

4  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 ac-
tivities of boundary adsorption sites were more similar to 
those of the first region obtained from the KASRA model.

Because MnO–
4  was adsorbed at first on ME sites of 

Co-Al-LDH, only adsorption of MnO–
4  on these sites were 

studied by the Elovich equation. As shown in Table 7, a 

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.

3. 3. Kinetics of adsorption of MnO–
4  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 MnO–

4  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 MnO–

4  were determined for carry-
ing out adsorption kinetic tests.

The adsorption kinetic curves of MnO–
4  on MoS2 

were obtained using different initial MnO–
4  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, Ta-
bles 8–11 and Figs. 5, 6 and S7. Under various conditions, 
MnO–

4  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 MnO–

4  ions were adsorbed on 

Table 3. TRAKs for adsorption of MnO–
4  on Co-Al-LDH in 0.1 M NaCl and acidic and alkaline solutions at 

308–328 K

Solvent	 T	 [MnO–
4]0	 rpm	 TRAKC1–C2	

qTRAKC1–C2	 te	 qe

	 (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

TRAKC1–C2 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. te is the time of reaching equilibrium.

Fig. 3 Kinetic curves of adsorption of MnO–
4 on Co-Al-LDH in wa-

ter in initial MnO–
4  concentrations of □ 0.25 mM n 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 [MnO–

4]0= 0.5 mM in water and 318 K at + 40 rpm and ○ 70 
rpm

Fig. 4 Kinetic curves of adsorption of MnO–
4  on Co-Al-LDH in pHs 

of m 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 [MnO–

4]0 = 0.5 mM
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one type of adsorption sites (MI sites) and except adsorp-
tion process in 40 rpm in water and at pH=11 solution, ki-
netic curves were composed of 2 regions. It should be em-
phasized that adsorption velocity, adsorption acceleration 
and kdif 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, ad-
sorption acceleration and kdif parameters increased with 
an increase in initial concentration of MnO–

4  from 0.25 
mM to 0.75 mM at 318 K and 100 rpm, an increase in tem-
perature from 308 to 328 K at 100 rpm and 0.5 mM MnO–

4  
and increasing shaking rate from 40 to 100 rpm at 318 K 
and 0.5 mM  MnO–

4 . 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 MnO–
4 , due to com-

petition of chloride ions with MnO–
4  ions for adsorption on 

Mo atoms of adsorption sites of MoS2, adsorption veloci-
ty, adsorption acceleration and kdif parameters decreased 
compared with those in 0.5 mM MnO–

4  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 HMnO4 molecules,70 adsorp-
tion velocity, adsorption acceleration and kdif parameters 
decreased with a decrease in pH from neutral (in water) to 
1 and in region 2, due to occupation of less number of ad-
sorption sites in region 1, these parameters increased with 
a decrease in pH of solution.

In alkaline solutions, at pH=11, there was only re-
gion 1. In this region of kinetic curve, OH– ions competed 
with MnO–

4  ions for interaction with adsorption sites (Mo 
atoms) of adsorbent and decreased the amounts of adsorp-
tion velocity, adsorption acceleration and kdif parameters 
of  MnO–

4  adsorption.
Unexpectedly, above-mentioned parameters in-

creased 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 MnO–

4  ions2 and thus its ad-
sorption velocity and acceleration and kdif values in re-
gions 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 interac-
tion that happened on the adsorption site. Analysis of re-
gions 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. kI1 and kI2b values in water increased with an increase 
in temperature from 308 to 328 K at 0.5 mM MnO–

4  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-con-
trolled.

It was observed that kI1 and kI2b values in water de-
creased with a decrease in shaking rate of solution or initial 
concentration of MnO–

4  . Also, it should be mentioned that 
0.25 mM MnO–

4  (based on the KASRA model) had only 
region 1 (or in region I in its related isotherm based on the 
ARIAN model) and MnO–

4  ions were adsorbed on the most 
active adsorption sites without encountering hindrance of 
adsorbed MnO–

4  ions. Thus, its kI1 value was greater than 
kI1 values observed in other tests.

kI1 and kI2b values in 0.1 M NaCl decreased com-
pared with those in water at 318 K due to competitive ad-
sorption of chloride ion with MnO–

4 .
In acidic pHs, because of interaction of H+ with sur-

face, kI1 and kI2b 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, kI1 value increased a little compared with 
that in water. This is due to interaction of OH– ions with 
some adsorbent sites that decreased its adsorption capaci-
ty. Free  MnO–

4  ions encountered less steric hindrance from 
the small amount of adsorbed ones and this resulted in a 
little faster interaction of MnO–

4  ions with adsorbent sur-
face at pH=11 compared with that in water.

At pH=12, due to stronger reaction between MnO–
4  

ions and MoS2 and faster consumption of MnO–
4  ions, kI1 

and kI2b values in regions 1 and 2 increased drastically 
compared with those in pH ranges from 1 to 11.

Adsorption kinetics of MnO–
4  on MoS2 were analyzed 

by NIPPON equation, Table 10. By this analysis, an excess 
ideal curve was observed at the begining of adsorption ki-
netic diagrams of 0.5 mM MnO–

4  at 308 and 318 K and 

Table 7. Coefficients of the Elovich equation for adsorption of 
MnO–

4  adsorption on the surface of ME sites of Co-Al-LDH in var-
ious shaking rates and initial MnO–

4  concentrations and media at 
308–328 K

Solvent	 T	 [MnO–
4]0 	 rpm	 a	 b	 R2

	 (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.
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0.75 mM MnO–
4   at 318 K in water and in 0.5 mM MnO–

4  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 adsorp-
tion sites located in initial time ranges of first region ob-
tained 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 MnO–

4  at 318, 
0.5 mM MnO–

4  at 328 K, 100 rpm and 0.5 mM MnO–
4  at 70 

and 40 rpm at 318 K and 0.5 mM MnO–
4  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 adsor-
bent in the first region of the KASRA model were similar 
together.

Analysis of adsorption of MnO–
4  on adsorption sites 

of MoS2 with the Elovich equation showed that a values 
changed randomly with an increase in pH, temperature 
and MnO–

4  concentration, Table 11.

Fig. 5 Kinetic curves of adsorption of MnO–
4  on MoS2 in water in 

initial MnO–
4  concentrations of □ 0.25 mM at 318 K, 0.5 mM at m 

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

Fig. 6 Kinetic curves of adsorption of MnO–
4  on MoS2 in water in 

initial MnO–
4   concentrations of 0.5 mM of MnO–

4  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 sul-
furic 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+ accord-
ing to the following reaction

			   (15)

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 (15) 
which verified recycling the used MoS2 by this reaction, 
Figs. 7(a) and 7(b).

After three times recycling of the used MoS2, the ad-
sorption capacity of the recycled MoS2 was between 85% 
and 90% of that of as-synthesized adsorbent.

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
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Table 9. Coefficients of region 1 and region 2 (parts 2a and 2b) of the ISO equation for kinetics of MnO–
4  adsorption on MI sites of MoS2 at 308–328 K

Solvent	  T	 [MnO–
4]0	 rpm	 kI1	 (tssr, qssr)	 kI2a 	 (tsp, qsp)	 kI2b	 ([MnO–

4]e te, qe
	 (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. [MnO–
4]s, te and qe are MnO–

4  concentra-
tion, time and adsorption capacity at the beginning of the plateau respectively. Units of kI2a, and kI2b are in mg g–1 M–1 min–1.

Table 8. Experimental te, qe, t02 and q02 values and coefficients obtained from the KASRA equation and kdif values of intraparticle diffusion equation 
for kinetics of MnO–

4   adsorption on MoS2 at different temperatures and in various shaking rates and initial MnO–
4  concentrations and media

Solvent	  T	 [MnO–
4]0	 rpm	 (te, qe)		  KASRA region 1			              KASRA region 2

	 (K)	 (mM)			   a1	 v01	 kdif	 (t02, q02)	 a2	 v02	 kdif

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 a1 and a2 are in mg g–1 min–2 and those of v01 and v02 are in mg g–1 min–1. Units of te and t02 are in min and those of qe and q02 are in mg g–1. 
In region 1, t01 and q01 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.

Table 10. Non-ideal adsorption acceleration and velocity parameters for the first, second and third curves obtained from the NIPPON equation for 
kinetics of MnO–

4  adsorption on the surface of MoS2 at 308–328 K

Solvent	 T	 [MnO–
4]0	 rpm	 (te, qe)	                 NIPPON curve 1	                 NIPPON curve 2		                     NIPPON curve 3 

	 (K)	 (mM)			   aN
fc	 vN

fc	 (tsc, qsc)	 aN
sc	 vN

sc	 (ttc, qtc)	 aN
tc	 vN

tc

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, t = 7.5 and t = 10 min were used 
in Eqs. (11) and (12), respectively. Units of aN

fc, aN
sc and aN

tc  are in mg g-1 min-2 and those of vN
fc, vN

sc and vN
tc are in mg g–1 min–1. Units of te, tsc and ttc 

are in min and those of qe, qsc and qtc are in mg g–1. Subscripts fc, sc and tc are abbreviations for starting first curve, starting second curve and starting 
third curve, respectively.
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4. Conclusions
Reduction of MnO–

4  ions to MnO2 by water mole-
cules was catalyzed after its adsorption on the surface of 
carbonate intercalated Co-Al-LDH in the pH range of 
1–13 and MnO–

4  reacted with MoS2 in the pH range of 
1–12. Adsorption kinetic tests were carried out at different 
temperatures, ionic strengths, pH, initial adsorbate con-
centrations and shaking rates. The adsorption kinetics was 
studied by the KASRA model and the KASRA, Elovich, 
ISO, intraparticle diffusion and NIPPON equations. Re-
sults showed that kinetic parameters like kdif, kI1, kI2b, 
adsorption velocities and accelerations of MnO–

4  on Co-
Al-LDH were increased with an increase in temperature, 
shaking rate, initial MnO–

4  concentration and decrease in 
pH. But, these parameters at pHs of 12 and 13, due to for-
mation of MnO–

4  ions, were less than their values in neutral 
water and at pH = 14, due to a change in mechanism of re-
action, MnO–

4  ions reacted with Co2+ ions of the adsorbent.
However, in the case of MoS2, MnO–

4  ions were ad-
sorbed 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 kdif, kI1 
and kI2b decreased from region 1 to region 2 and in region 
1, these parameters increased with an increase in MnO–

4  
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 rap-
idly with adsorbed MnO–

4  compared to that in water and 
changed it to MnO2.

kdif, kI1 and kI2b values of adsorption of MnO–
4  on 

MoS2 were much greater than those for Co-Al-LDH and 
adsorption of MnO–

4  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 sulfu-
ric acid solutions.
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Povzetek
Permanganatni MnO–

4  ioni so bili adsorbirani na karbonatno interkaliranem Co-Al-slojenem dvojnem hidroksidu (Co-
Al-LDH) in MoS2. Po določenem času so bili adsorbirani MnO–

4  ioni reducirani v MnO2. Redukcija adsorbiranega MnO–
4  

iona je bila katalizirana na površini karbonatno interkaliranega Co-Al-LDH, MnO–
4  ioni pa so reagirali s površino MoS2. 

Kinetični testi adsorpcije so bili izvedeni pri različnih temperaturah, ionskih jakostih, pH, začetnih koncentracijah ad-
sorbata in hitrostih stresanja. Adsorpcijsko kinetiko smo preučevali s študijo kinetike adsorpcije v regijah s konstantnim 
adsorpcijskim pospeškom modela KASRA, študijo idealnega drugega reda (ISO), difuzijo znotraj delcev, Elovich in z 
enačbo neidealnega procesa adsorpcijske kinetike (NIPPON).
V tem delu je bila predstavljena nova enačba, imenovana NIPPON enačba. V tej enačbi je bilo predpostavljeno, da so bile 
molekule adsorbatnih vrst med neidealnim procesom adsorbirane hkrati na adsorpcijskih mestih istega tipa z različnimi 
aktivnostmi. Povprečne vrednosti kinetičnih parametrov adsorpcije so bile izračunane z enačbo NIPPON. S to enačbo je 
mogoče določiti tudi značaj meja regij, pridobljenih iz modela KASRA.
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