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ABSTRACT

Removal of Mo(VI) by adsorption on fly ash modified by FeCl, was investigated in the
present study. Various parameters such as pH, agitation time, Mo(VI) concentration, and
temperature had been studied in the batch study to evaluate the effectiveness of modified fly
ash for Mo(VI) removal from water. Batch study revealed that the uptake of Mo(VI) was
effective in the pH range of 4.0-6.0. Kinetic studies showed that the adsorption generally
obeyed the pseudo-second-order model. The isotherm data were fitted well in the Langmuir
isotherm model, and adsorption capacity was found to be 17.83mgg '. Subsequently, ther-
modynamic parameters such as AH®, AS°, and AG? for the adsorption were also evaluated,
which showed that the adsorption of Mo(VI) on treated fly ash were endothermic, entropy
increasing, and spontaneous. Continuous column study using a series of fixed bed was also
carried out. The bed depth service time model was suitable for predicting breakthrough
curve for Mo(VI) adsorption column study. In conclusion, the FeCl,-modified fly ash was

proven to be a feasible and cost-efficient treatment technology for Mo(VI) removal.
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1. Introduction

Molybdenum (Mo) is considered as an essential
trace element for both plants and animals. The
provisional recommended dietary intake is 75-
250 pg day ! for adults and older children. However, it
would become toxic when the level of Mo concentration
in water is over 5mg L~! [1]. Meanwhile, Mo pollution
events have been reported for several years, such as
California’s San Joaquin Valley [2] and Wujintang
reservoir in China [3]. Due to the huge Mo effluents
from mining tailings without any pretreatment, Mo pol-
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lution has been becoming a major water quality man-
agement problem in many regions of the world.
However, most of the relevant research was concerned
with the removal of cations (e.g. Cu**, Zn**, and Hg*")
and anionic complex species (e.g. cyanide, arsenate,
and chromate) [1]. Mo is generally found in two oxida-
tion states in nature, Mo(VI) and Mo(V]) [4]. Mo may
exist as MoS, in reduction environments, although the
formation may be kinetically limited [5]. Mo(V]) domi-
nates in oxidization conditions, and it is commonly
present as Mo>  [4]. Therefore, removal of Mo~
from wastewaters is of significant importance from an
environmental point of view. From an economic
standpoint, its recovery would be more attractive
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because Mo is a precious metal with many industrial
applications.

Adsorption has been showing to be an economical
alternative for removing heavy metals from water. The
removal of Mo(VI) from aqueous solutions was stud-
ied using different adsorbents like iron ore [6], carbon
cloth [7], and maghemite nanoparticles [8]. However,
the research for environmentally benign, cost effective,
and high-efficient materials is being desired.

Industrial waste have been widely used in the
removal of various heavy metals such as As [9], Cu(I)
[10], Cr(VD) [11], Cd(ID), and Zn(I) [12]. However, the
study on removal of Mo(VI) by industrial waste is still
very rare. Fly ash is an inevitable product of the ther-
mal power plant. In China, there are more than 300 mil-
liontonnes of fly ash that are produced per annum.
This has triggered a great potential recycle for fly ash
as adsorbents to treat the mine tailing effluent issues.

The main objective of this paper was to develop a
new modified adsorbent based on fly ash for the
removal of Mo(V]) from aqueous solutions. Adsorp-
tion dynamics, equilibrium studies, and the effects of
pH and temperature were particularly investigated in
batch experiments. Subsequently, Column perfor-
mance for Mo(VI) removal under continuous flow
conditions is also studied. The dynamics of the
Mo(VI) adsorption through the fixed bed are modeled
by the bed depth service time (BDST) model.

2. Experimental
2.1. Materials

Fly ash was purchased from Ansteel Company
(Liaoning, China). Some important properties of fly
ash should be worthwhile to mention, such as, the sur-
face area is 0.38m?/ g, the chemical composition in
terms of oxides is 5iO, (52.68%), Al,O3 (32.02%), Fe;O5
(6.48%), CaO (5.02%), and MgO (2.57%), and the water
content is 22.41%. Mo(VI) was added to suspensions
using 100mg L~! stock solutions of Na,MoO,-2H,O.
All other chemicals were of standard grade.

2.2. Instruments

A model Optima 2000 DV inductively coupled
plasma spectrometer (Perkin Elmer Co., Americal) was
used for background correction, and a model 7504 PC
UV /visible spectrophotometer with 1cm glass cells
(Shanghai Xinmao Instrument Co., Ltd. Shanghai,
China) was used for determination of Mo concentration
in the solutions. As for the adsorption experiments,
four instruments including a model DHG-9023A
serious heating and drying oven (Shanghai Jinghong
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Laboratory Instrument Co., Ltd. Shanghai, China), a
model PHS-3C pH meter (Shanghai Precision & Scien-
tific Instrument Co., Ltd. Shanghai, China), an elec-
tronic balance model CP 153 (Ohaus instrument Co.,
Ltd. Shanghai, China), and an oscillator model KS
(Ronghua instrument Co., Ltd. Jiangsu, China) were
used collectively. In addition, all glassware were
soaked in dilute nitric acid for 12h and finally rinsed
for three times with double-distilled water prior to use.

2.3. Procedures
2.3.1. Preparation of modified fly ash

For removing soluble material of the fly ash sur-
face, a deionization cleaning procedure was applied
[13]. The fly ash sample was first placed in a flow-
through washing cup and eluted with a total of 5L of
warm (60°C) conductively water in a kind of batch
operation over two days. Then, the washed fly ash was
rinsed, dried, and kept in a plastic bag for further uses.
Fly ash of 10g and 50mL of 10% FeCl, solution were
placed in a 150 mL conical flask. The mixture was agi-
tated using a reciprocating shaker for 5h at 200 rpm.
Finally, the supernatant was decanted and the modi-
fied fly ash was washed with distilled water several
times until neutral pH. The modified fly ash was dried
overnight at 105°C and stocked in plastic bags.

2.3.2. Batch Mo(VI) adsorption studies

The fundamental physicochemical data used to
evaluate the applicability of adsorption processes as a
unit operation were usually described by isotherm
models whose parameters express the surface proper-
ties and affinity of the sorbent [14]. Four isotherm
models were used to fit the experimental data, includ-
ing Langmuir isotherm [15], Freundlich isotherm [16],
Temkin isotherm [17], and Dubinin-Radushkevich iso-
therm [18]. The four adsorption isotherm models are
shown by Egs. (1)-(4):

C 1 1

—=_C,+—— Langmuir equation 1
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Ing. = Eln C. +1Ink Freundlich equation (2)

ge = BInA + BInC. Temkin equation 3)
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Dubinin-Radushkevich equation

(4)
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where g, is the amount of metal ions adsorbed per
unit mass of adsorbent (mgg™"), Qo is the maximum
adsorption at monolayer coverage (mgg '), C. is the
equilibrium concentration of solute in the bulk solu-
tion (mgL "), and b is the adsorption equilibrium con-
stant related to the free energy of adsorption (L mg™");
k and n can be defined as adsorption capacity and
intensity of adsorption, respectively. B=RT/y, where y
is Temkin constant related to heat of sorption
(Jmol ™). A is Temkin isotherm constant (Lg™"); f is a
constant related to the mean free energy of adsorption
per mole of the adsorbate (mol®kJ2); ¢ is the polanyi
potential, which is equal to RT In (1+1/C,); R is the
gas constant 8.314Jmol 'K ; and T is the tempera-
ture (K). Q. is the equilibrium concentration of
Mo(VI) on adsorbents (mgg '), and Q,, is the theoret-
ical saturation capacity (mgg™").

The Langmuir isotherm predicts the solid surface
saturation with monolayer coverage of adsorbate
at high C. values and a linear adsorption at low C.
values. However, the Freundlich isotherm does not
predict any saturation of the adsorbent surface, thus
indicating physisorption on the surface. Temkin
isotherm model is chosen to evaluate the adsorption
potentials of the adsorbent for adsorbates [14].
Dubinin-Radushkevich isotherm model is chosen to
estimate the characteristics porosity of the adsorbent
and the apparent energy of adsorption.

The essential characteristics of the Langmuir
isotherm model can be expressed in terms of a dimen-
sionless constant, Ry, defined by Hall et al. [19] as Eq. (5):

1
1+ bCy ©)

Ry

where C; is the initial Mo(VI) concentration (mgL ™),
and Ry, is a positive number whose value reveals the

Peristaltic pump )

Influent tank

Fig. 1. Schematic diagram of column experimental setup.
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feasibility of the sorption process. The process is irre-
versible if R =0, favorable if R; <1, linear if Ry =1,
and unfavorable if Ry > 1.

The mean free energy change of adsorption (E) can
be calculated using the following expression:

E—(2p) (6)

where E is the apparent energy of adsorption
(K mol™"). The adsorption type can be explained by
ion-exchange if the magnitude of E is between 8 and
16kJ mol ! [20]. If the values of E are <8kJmol ™, the
type of adsorption can be considered as physical
adsorption [21]. High values for E of 24.7 +3.2 k] mol !
show that strong chemical bond formation occurs
between adsorbate and adsorbent [22].

The adsorption tests were performed by adding
0.1g of dry material to 50mL of Mo(VI) solution, at
known concentration and pH, in a 150mL conical
flask. The parameters varied in the experiments were
the Mo(V]) initial concentration (0-40mgL™"), the pH
(2.0-10.0, adjusted by using dilute HCl and NaOH
solutions), and the temperature (5, 15, and 25°C).
Thiocyanate photometric method was used for deter-
mination of Mo concentrations in aqueous solution,
which was performed by using a spectrophotometer
(Shanghai Xinmao Instrument Co., Ltd. Shanghai,
China). All adsorption experiments were conducted in
triplicate. Only the mean values were reported in this
paper. The maximum deviation observed was less
than 5%.

2.3.3. Column Mo(V1) adsorption studies

Column adsorption tests on Mo(VI) removal were
conducted at room temperature and atmospheric pres-

' i Influent sampling point
MRS Sand

—— FeCl, modified fly ash

Effluent sampling point

Effluent tank
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Fig. 2. Effect of equilibrium pH on the adsorption of
Mo(VI). Conditions: adsorbent dose, 2gL71; Mo(VI)
concentration, 10mg L% temperature, 15°C.

sure. A continuous fixed-bed adsorption study was
carried out with a PVC tube (internal diameter 8.0 cm,
length 40.0 cm). Three bed depths of 10, 20, and 30cm
were selected for the fixed-bed adsorption of Mo(VI).
FeCl,-modified fly ash of 0.05mm average diameter
particles was selected for column sorbent material. The
bottom of the columns was filled with a 5-cm layer of
gravel to prevent loss of material from the columns.
The column was operated in down flow mode at a
hydraulic loading rate of 5mLmin '. The operated
Mo(VI) solution was 5.0mgL ™", and the influent pH
was maintained in range of 6.5-7.5. Samples collected
at regular intervals of time from the outlet were used
for the measurement of residual Mo(VI). The schematic
diagram of the column is shown in Fig. 1.

3. Results and discussion
3.1. Effect of pH

A solution of 10mgL™" of Mo(VI) and 2gL™" of
adsorbent were used to examine the pH effect
(Fig. 2). The results demonstrate that the maximum
amount of Mo(V]) adsorption can be reached when
pH value increased from pH 4.0 to 6.0. Adsorption
decreased rapidly as the pH values increased from
pH 6.0 to 10.0 toward negligible level of removal
efficiency in the end. Favorable effect of low pH can
be attributed to the neutralization of negative charges
on surface of the adsorbents by excess hydrogen
ions, thereby facilitating the diffusion on of Mo(VI)
and their subsequent adsorption. Besides, Mo(VI)
solution contains a variety of condensed molybdates,
and the dominant species is Mo,O?™ at acidic pH.
This ionic form was found to be preferentially
adsorbed on the surface of adsorbents [13].
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Fig. 3. Pseudo-sencond-order plots for the adsorption of
Mo(VI) onto modified fly ash. Conditions: adsorbent dose,
ZgLfl; Mo(VI) concentration, 20 mg LY pH, 6+0.3.

The lower level of adsorption at pH values higher
than 6.0 is due to the high negatively charged adsor-
bent surface sites, which do not favor the adsorption
of oxianions for electrostatic repulsion. At pH values
lower than 4.0, the lower removal was attributed to
the change of Moinf to other spices like: HMoO,,
H,MoO,;, and higher groups MoyO,3(OH);,

Mo;02 (OH)3~, Mo;Op, (OH)2™ [8].

3.2. Adsorption kinetics

The influence of modified fly ash concentrations on
the rate of adsorption of the Mo(VI) was investigated at
pH 6+0.3, and 25°C in the present study (Fig. 3 and
inset). All reaction almost reached equilibrium within
40 min. Two kinetic models were tested using 20 mgL ™"
of Mo(V]) in order to predict the adsorption data of
Mo(V]) as function of time using the pseudo-first-order
model and the pseudo-second-order model. According
to Namasivayam and Kadirvelu [23], the pseudo-first-
order model can be expressed as follows:
In(ge — q¢) = Inge — kyt 7)
where k; (min~") is the pseudo-first-order rate con-
stant, and g. and g; (mgg~") are the amounts of matel
ion adsorbed at equilibrium and at time t (min),
respectively. The values of k; and g. are calculated
from the slope and the intercept of the plots of In
(ge—qy) versus ¢, respectively.

The pseudo-second-order model [24] is expressed
by Eq. (8):
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Table 1
Parameters of the adsorption kinetic models®
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T (K) ge (exp) (mgg™") First-order

Second-order

de (mg gfl) ky (min~1)
278 7.85 2.36 0.0280
288 8.22 2.81 0.0333
298 8.37 3.22 0.0371

R? ge (mgg™") ky (gmg 'min ") R?

0.8376 7.97 0.3579 0.9981
0.9437 8.52 0.5525 0.9979
0.8673 8.64 0.6574 0.9982

?Conditions: Mo(VI) concentration, 20 mg L~'; adsorbent dose, 2 gL’1 ; PH 6.0+0.3.

t 1 t
n i g ®)

where k, is the pseudo-second-order rate constant of
adsorption (gmg 'min~'). The values of k, and g.
were calculated from the plots of t/g vs. t, see Fig. 3.
The analysis of two kinetic models indicates that
the calculated g. values obtained from the pseudo-sec-
ond-order kinetic model are closer to the experimental
ge values (Table 1). Moreover, the pseudo-second-order
rate equation exhibits higher value of the coefficient of
determination when compared to other kinetics equa-
tions. Thus, these results indicate that the adsorption
process studied generally followed the pseudo-second-
order kinetic model. Fig. 3 shows that the rate of
adsorption increases with increasing temperatures.

3.3. Adsorption isotherms

The different isotherms were tested for their ability
to correlate with the experimental results by comparing

Table 2
Isotherm constants obtained by using linear method
Isotherm model Parameters at T: 298K
Langmuir Qo (mgg ™" 17.83

b(Lmg ") 0.305

Ry 0.076-0.396

R? 0.9956
Freundlich K 3.869

N 3.308

R? 0.9559
Dubinin-Raduskevich Qu (mg g’l) 15.58

B (mol’kJ~?) 0.0018

E (kfmol™1) 16.67

R? 0.9124
Temkin ALg™h 3.785

B 3.563

R? 0.9737

Table 3
Langmuir adsorption capacity of adsorbents for Mo(VI)

Adsorbents Langmuir Optimum  References
adsorption pH
capacity Qo
(mgg "
Pyrite 0.89m?g ' 147 4.5 [6]
Acid treated 7.35 4.0 [25]
Fe(TIT) /Cr(IIT)
hydroxide
ZnCl, activated 11.34 4.0-8.0 [26]
coir pitch
carbon
Pyrite 41.7m?g ' 1247 4.0-7.0 [27]
Carminic acid 13.50 2.0 [28]
modified anion
exchanger
Maghemite 33.40 4.0-6.0 [8]
nanoparticles
FeCl,-modified 17.83 4.0-6.0 This work
fly ash

theoretical plots of each isotherm with the experimental
data. The coefficients of determination and constants
for Langmuir, Freundlich, Temkin, and Dubinin-Rad-
ushkevich linear isotherms are given in Table 2. It is
observed that the coefficient of determination of Lang-
muir is higher than those obtained from other isotherms,
indicating that the Langmuir model has a more appro-
priate fit for the adsorption of Mo(VI) on these sorption
media. Consequently, the amount of Mo(VI) adsorbed
increases until its concentration reaches saturation point.
The difference in adsorption capacity can be interpreted
in terms of the assumptions taken into consideration
while deriving these adsorption models [22].

The values of Ry for different initial concentrations
at three constant temperatures are found to lie in
between 0.05 and 0.40, which signifies that the adsorp-
tion module is favorable at all concentrations tested.
The magnitude of E can be used to estimate the type of
adsorption, so we can infer that the type of adsorption
can be generally described as ion-exchange adsorption.
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A comparison of the Mo(VI) adsorption capacity of
some adsorbents based on the values of Qp can be
made, see Table 3. The surface area of adsorbents and
lower pH is important for Mo(VI) removal, implying
that physical adsorption is the major mechanism
governing the uptake of Mo(VI). Although the adsorp-
tion capacity is not much lower than other adsorbents,
this adsorbent and modified process are more
economical and expediently.

3.4. Effect of temperature on the adsorption process

The thermodynamic properties: enthalpy change
(AH"), free energy change (AG®), and entropy change
(AS%) for the adsorption of Mo(VI) by both the
adsorbents are calculated from:

AG® = —RTInK, 9)
AS®  AH°

Where AH and AS° are enthalpy and entropy changes,
respectively, R; is the wuniversal gas constant
(8.314]rnol’1 K’l), and T is the absolute temperature
(K). The equilibrium constant K, of the adsorption pro-
cess, which is equal to the product g./c, is calculated
first [29]. Then, the Gibbs free energy of adsorption
(AG") is determined from Eq. (9). Plotting In K, against
1/T gives a straight line with slope and intercept equal
to AH’/R; and AS"/R;, respectively, seen Eq. (10).

The effect of temperature is investigated from
adsorption tests carried out at three constant tempera-
tures: 5, 15, and 25°C. The positive value of enthalpy
change (AH®) (8.70kJ mol ") indicates the endothermic
nature of the adsorption process. The positive values
of entropy change (AS°) (42.6Jmol 'K™') may be
related to the increased randomness due to the libera-
tion of water of hydration during the adsorption of
molybdate [9]. The values of AGY at 5, 15, and 25°C
are —3.060, —3.756, and —3.911kJ mol ', respectively.
The negative values of free energy change (AG) indi-
cate that the adsorption reaction is spontaneous. The
change of the standard free energy decreases with
increasing temperatures, which indicates that a better
adsorption is obtained at higher temperatures.

3.5. Adsorption mechanism

The surface of fly ash modified with sulfuric acid
is generally covered with a large number of hydroxyl
groups that vary in forms at different pHs. So, at
lower pH, the adsorbent surface is positively charged,
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and anion adsorption occurs. However, by increasing
the pH to 6, uptake of Mo, ions decreases since the
adsorption surface sites are negatively charged which
increases electrostatic repulsion between Moj~ and
the adsorbent. In addition, the adsorption of Mo(VI)
onto the tested fly ash is well described by the Lang-
muir model (Table 2). As the theory of Langmuir is
actually based on the fixation of a monolayer of adsor-
bate molecules on the pores surface [30], the accurate
fitting means the active sites are certainly homoge-
neously distributed on the surface of tested adsorbent
[31]. Moreover, the mean E is only 16.67 k] mol L.
Therefore, the adsorption process is mainly controlled
by ion-exchange adsorption.

3.6. Removal of Mo(VI) in column experiments

Adsorption isotherm data do not give accurate
scale-up data. Therefore, it is necessary to carry out
fixed-bed continuous flow tests to obtain design mod-
els. The main aim in designing adsorption columns is
to predict how much effluent the bed can treat or how
long the bed will last before regeneration is necessary.
The performance of the packed bed is described
through the breakthrough curve. The times for the
breakthrough appearance and the shape of the break-
through curve are very important characteristics for
determining the operation and dynamic response of
any solute adsorption column. The breakthrough con-
centration for the column run is taken to be 0.5mgL ™"
(meet Grade IV of groundwater quality standard for

35
0 9%0% 1=1.092-1.2333 I%I
304 @ 60%-—t=0.9552-26
0 10% =0.3952-0.5667 é
25
= 201
o
E
= 15
0
10 1 '
5 -
0 T T T T T T T T T T T T T
0 5 10 15 20 25 30 35
Bed depth (cm)
Fig. 4. BDST curves at various percentages of

breakthrough (10, 60, and 90%) for the removal of Mo(VI).
Conditions: folw rate, 5.0mL min~}; Mo(VI) concentration,
50mgL "
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Table 4
BDST model for the adsorption of Mo(VI) on modified fly ash®
C/Cy a (hem™) by (h) K. (Lmg 'h™) Ny (mgL™") Zmin (cm) R?
0.1 0.225 —0.3333 0.146 6.75 13.35 0.9805
0.6 0.91 —0.2667 —0.022 27.3 4.12 0.9735
0.9 1.43 —0.4667 —0.205 429 1.50 0.9694

“Conditions: bed depth, 30 cm; Mo(VI) concentration, 5.0 mg/L; flow rate, 5.0 mL/min.

Mo(VD) in China, GB/T14848-93). The breakthrough
curves obtained by varying the bed depth are pre-
sented in the subsequent section.

The fundamental equations describing the relation-
ship between normalized concentration (C./Cy) and
time in a flowing fixed-bed system are established by
Adams and Bohart for the case of the adsorption of
chlorine on charcoal [32]. The final design equation of
the Adams—Bohart model is expressed as Eq. (11).

In((C,/Cy) — 1) = KCN()% — K.Cqt (11)
where C; and C; are the inlet and effluent Mo(VI) con-
centration at any point in time ¢, K. is the kinetic con-
stant, Ny is the adsorption capacity coefficient, Z is
column height, and u is the linear velocity of the fluid.
However, Hutchins described a simplified technique
of the Adams-Bohart model [33]. This technique is
called the BDST model, and he expressed the Adams-
Bohart equation as Eq. (12).
t=aZ+0b1 (12)
where a is the slope (Ny/Cou), and b is the intercept —
(In((Co/Cp —1)/K. Cp). The plot of the bed depth vs.
service time for 10, 60, and 90% breakthroughs of the
column bed is shown (Fig. 4). From the slope and
intercept of the line, the values of N, and K. are calcu-
lated from the corresponding equations and are tabu-
lated in Table 4. From R* values in Table 4 it is
observed that the fitting with the experimental data is
good. Thus, the data obtained in this study could be
satisfactorily used for the scale up of the fixed-bed
adsorption of Mo(VI) on the modified fly ash.

For t=0, the minimum column height (Z,;,) can
be calculated from Eq. (13).

i u Co
= XN, In <Ct 1)

If C, is the breakthrough concentration of 0.5mg L™,
the value of Z.;, is obtained at 13.35cm for the inlet
Mo(VI) concentration of 5.0mgL™".

Zmin (13)

4. Conclusions

This study showed that the fly ash modified by
FeCl, was an effective adsorbent for the removal of Mo
(VD from aqueous solution. The batch adsorption
results indicated that Mo(VI) removal rate increased
when lowering the pH, and the adsorption process gen-
erally followed the pseudo-second-order rate model.
The equilibrium data of adsorption were in good agree-
ment with the Langmuir's model, and the Langmuir
adsorption capacity (Qp) is 17.83mgg '. Thermody-
namic studies showed that the adsorption process was
endothermic and spontaneous. The adsorption mecha-
nism can be generally described as ion-exchange
adsorption. The BDST model showed a good fit to the
column adsorption data, and the minimum column
height (Z,;,) is obtained at 13.35cm for the inlet Mo
(VD) concentration of 5.0mgL~" and the breakthrough
concentration of 0.5mgL"". The method was found to
be non-expensive, effective, and simple to use as
compared to the present treatment technologies.
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