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ABSTRACT

Ceramsite, made of municipal waste, was prepared by high-temperature sintering process. Cer-
amsite was utilized as a filter media for the removal methylene blue (MB) from aqueous solution
and was regenerated by high temperature calcination. The batch studies results showed that the
equilibrium isotherms and adsorption kinetics of MB adsorption on ceramsite filter media (CFM)
were described better by the Langmuir model and pseudo-first-order kinetics than by the Freun-
dlich model and pseudo-second-order kinetics, respectively. Under the CFM bed column operating
conditions of the MB initial concentration of 5 mg L7, particle size of 0.5 + 0.2 mm and flow rate of
1mL min™, the breakthrough data were agreed well with the bed depth service time (BDST) model at
15% and 50% breakthrough for MB. The regeneration tests proved that high-temperature calcination
was an effective regeneration method for the recovery of exhausted CFM. Both the adsorption kinet-
ics of MB on CFM and regenerated CFM (in a certain cycle range) were found to match the Thomas
model; whereas, the maximum adsorption capacity of CFM decreased slightly with the increase in
regeneration cycles.

Keywords: Methylene blue dye; Ceramiste filter media; Adsorption equilibrium isotherm;
Thomas model; Regeneration

1. Introduction

Dyes are essentially colored substances capable of
imparting their color to other substances. Various kinds
of dyes are used extensively as coloring substances in tex-
tiles, dyestuff, plastics, rubber, paper and related indus-
tries [1]. It has been estimated that approximately 15% of
the dyes were lost during the dyeing process and were
discharged in the form of pollutants in the effluent [2].
Dye wastewater possesses a high COD concentration,
low biodegradability, large amount of suspended solids,
broadly fluctuating pH and strong color [3]. The discharge
of dye wastewater into the environment, particularly
aquatic environment, causes considerable environmen-
tal pollution [4,5], probably due to the following factors:
firstly, the sewage contains complex aromatic molecular

*Corresponding author.

structure possibly originating from coal tar-based hydro-
carbons, such as benzene, anthracene, toluene, naphtha-
lene and xylene, which make them more stable. Secondly,
the sewage is colorful even at very low concentrations,
giving undesirable color to the water, reducing sunlight
penetration and resisting photochemical and biological
attacks. Thirdly, the degradation products of the sewage
are toxic, mutagenic, carcinogenic and they also result in
increasing the COD, NH,*-N and BOD levels of aquatic
sources. Therefore, it is imperative that before discharge,
dye wastewater must be treated and cleaned by an ecolog-
ical and cost effective process.

Nowadays, various technologies have been employed
for the treatment of dye wastewater, including coagula-
tion-flocculation [6], fouling resistant nanofiltration and
reverse osmosis membranes [7], heterogeneous Fenton oxi-
dation [8], sequencing batch reactor (SBR) method [9] and
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some other processes [10-12]. Among the above methods,
filtration is the preferred method because of its simplicity,
high efficiency, less secondary pollution (such as toxic and
harmful intermediates, excess sludge) and their potential
in renewability [13,14]. To achieve better treatment perfor-
mance, the selection of a suitable filter media is critical in
filtration design and operation [15].

A number of researchers have reported that there were
several materials such as novel clay ceramic particles
(CCPs) [16], intermittently operated slow sand filtration
(ISSF) [17], decolorizing ceramsites [18] and multilayer
glassy microporous filter [19], can be used as filter medias.
Unfortunately, there are still some shortcomings for prac-
tical application of these materials; for example, sand, clay
and natural zeolite are mineral resources, which do not
meet with the requirements of sustainable development.
Furthermore, considering rigorous ecological and com-
mercial demands for sustainability, repeated reuse of filter
media is one of the most important parameters for routine
applications [20,21].

Ceramsite, with high porosity, large specific surface
area, low bulk and apparent density, is commonly used
as building material as well as filter media in water/
wastewater treatment [22,23]. Traditionally, natural
resources were used as main raw materials to prepare cer-
amsite. For the purpose of reusing of municipal wastes and
approaching the object of treating waste with waste at the
same time, some alternate municipal wastes can be used,
for example, sludge, fly ash and river sediment as they can
be treated as natural substitutes for producing ceramsite as
filter media. This research will provide a prospective path-
way for municipal wastes utilization.

Keeping this in mind, the widely used methylene blue
(MB) dye was chosen as our target model pollutant. In this
study, the characterization of CFM was characterized. By
means of batch adsorption tests, the equilibrium isotherms
and adsorption kinetics of MB adsorption on CFM were
conducted. Column studies were carried out in CFM bed
column runs. At last, the exhausted CFM was regenerated
by high temperature calcination, and its regeneration per-
formance was evaluated.

2. Materials and methods
2.1. Preparation of CFM

The composition of raw materials is shown in Table
1. The general preparation process of CFM is illustrated
in Fig. 1. For the preparation of CFM, sludge, fly ash and
river sediment were mixed with a mass ratio of 5:1:4 to
form the ceramsite specimen, the necessary amount of
deionized water was added to the mixture to obtain ade-

Table 1
The composition of raw materials (%) [24]

quate plasticity, green bodies were produced manually
and their shape were spherical, with an average diame-
ters of 10 mm. Then, the green bodies were placed at room
temperature until they dried completely. After drying they
were sintered in a pipe furnace (model SX2-6-13, Shanghai
Y-feng, Co., Ltd, China) in air atmosphere, the sintering
temperatures and sintering times are mentioned in details
in Fig. 2(a). Finally, the CFM was crushed down and
sieved to be desired diameters. The filtered CFM was then
washed several times until the washed water no longer to
be colored or turbid, After this the CEM was dried for 120
min at 60°C and was then preserved under dry conditions
for further use.

2.2. Batch study

A stock solution of 500 mg L™ was prepared by dis-
solving an appropriate quantity of MB (cationic dye,
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Fig. 1. Preparation process of CFM.
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Fig. 2. Temperature controls of (a) sintering process of CFM and
(b) sintering regeneration of exhausted CFM.

Raw materials SiO, AlLO, Fe,O, CaO MgO Na,O K,0 Ignition loss
Sludge 7.5 2.3 69 29 0.5 01 0.5 72.4

River sediment 52.5 17.6 5.1 1.5 1.8 0.5 2.8 8.5

Fly ash 56.8 25.7 7.0 8.1 0.8 04 1.9 0.2
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C,H,CIN,S:3H,0, Mwt: 373.88 g mol™, analytical grade,
Sinopharm Chemical Reagent Co., Ltd, China) in deionized
water. All test solutions at the desired concentrations were
prepared by successive dilutions to obtain the required ini-
tial experimental concentration. Deionized water was used
in all experiments. These experiments were carried out at
ambient temperature. The batch experiment procedure
was as follows: a beaker having 100 mL of MB solution
was placed on a magnetic stirrer (200 rpm) and 2 g CFM
(particle size = 0.5 + 0.2 mm) was added into this solution.
At given time intervals, the concentration of MB in the fil-
trate was measured. All of the experiments were performed
twice under the same conditions and an averaged value
was employed.

2.3. Column study

The laboratory-scale experimental set-up used in the
study is presented in Fig. 3. A fixed particle size of CFM was
prepared and filled in two cleaned cylindrical glass tubes of
53 cm effective height x 3.5 cm internal diameter. At the bot-
tom of each glass tube, a filter paper was placed in order to
avoid the penetration of CFM. On the top of each glass tube,
a filter paper was placed as barrier to prevent CFM from
spilling out. The dye inlet was fed into the column from
the bottom of one tube with a variable speed peristaltic
pump (model BT300-02, Baoding Qili Precision Pump Co.,
Ltd, China). The effluent was discharged from the top of the
other one tube by outlet pipe connected to a collecting tank.
Started time was defined as the point when the effluent was
discharged. After a designated time, the concentration of
MB in the filtrate was measured.

2.4. Regeneration experiments

The exhausted CFM was collected and calcined in a
pipe furnace in air atmosphere, the regeneration tempera-
tures and regeneration times are mentioned in details in
Fig. 2(b). After regeneration, CFM was cooled down to room
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Fig. 3. Schematic diagram of experimental set-up (dimension-
ing unit: cm): 1-feed inlet/discharge port; 2-feedwater tank;
3-collecting tank; 4-peristaltic pump; 5-flow-meter; 6-CFM; and
7-buffer zone.

temperature. Subsequently, the CFM was washed several
times to remove any impurities, and dried for 120 min at
60°C. And then, the column studies of the regenerated CFM
were carried out, according to the methods mentioned in
Section 2.3.

2.5. Analytical methods

The composition of raw materials was measured by
X-ray fluorescence spectrometry (XRF, model XRF-1800,
Shimadzu Corporation, Japan); physical properties of CFM
were determined according to China’s industry standard
(Artificial Ceramsite Filter Material for Water Treatment,
CJ/T 299-2008); contents of metal elements in lixivium of
CFM were measured according to the previous research
method [25]; the surface morphology and crystalline
phases of CFM were assessed by Scanning Electron Micro-
scope-Energy Dispersive Spectrometer (SEM-EDS, model
Quanta- 250, Fei Instrument, Czech) and X-ray diffraction
(XRD, model D/max- 2550 PC, Rigaku, Japan), respectively;
the Brunauer-Emmett-Teller (BET) surface area calculated
from N, adsorption and desorption measurements obtained
using fully automatic specific and micro pore size analyzer
(model AUTOSORB-IQ2-MP, USA); the MB concentration
was measured using a UV-Vis spectrophotometer (model
UV754N, INESA analytical instrument Co., Ltd, China) at
its maximum wavelength of 664 nm. The adsorption capac-
ity of CFM at t min (g, mg g™') and at equilibrium (7, mg g™)
were calculated by Egs. (1) and (2):

_(C,-C)V

=T 1)
_(C,-C)V

fo=—" """ @)

where C,, C, and C, are the concentrations of MB in solution
at starting, time ¢ and equilibrium, respectively, mg L. V'is
the volume of the working solution (L) and m is the mass
of CFM (g).

3. Results and discussion
3.1. Characterization of CFM
3.1.1. Physical properties

The measurements of every item for each physical prop-
erty were repeated three times, and the mean value was
used as mentioned in Table 2. It was clearly demonstrated
that the several essential physical properties of CFM,
including breaking and wear rate, solubility in hydrochlo-
ric acid, silt carrying capacity, void fraction and BET surface
area were in accordance with the China’s industry standard
(CJ/T 299-2008).

As seen in Fig. 4, the chemical compositions of the CFM
included various metal oxides and metal compounds, such
as syn-Fe,O,, Quartz-SiO,, Chromium Vanadium Oxide,
Albite, Labradorite and Anorthite, they all attributed to the
raw material composition. Meanwhile, low-content heavy
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metal compounds were also observed, such as Cr(VO,). In
order to determine the lixiviation of metals in the water,
especially heavy metals, lixiviation test was carried out
to know more about the metal elements and the potential
toxicity of the CFM. As Table 3 suggested, only few heavy
metals, such as Cr, Zn and Cu, were found in the lixivium,

Table 2
Physical properties of CFM {24}

Parameters Value Threshold®
Breaking and wear rate 0.2 <6
Solubility in hydrochloric acid 0.01 <2

Silt carrying capacity 0.2 <1

Void fraction 711 >40

BET surface area (x10%) 0.73 >0.5

°China’s industry standard of CJ/T 299-2008; parameters except for
surface area (cm? g™) are in %.
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Fig. 4. XRD pattern of CFM (1: Hematite, 2: Quartz-SiO,, 3:
Albite, Ca-rich; 4: Labradorite-Ca  ,Na, . (Al .Si,  O,); 5: Albite

low-Na(AlSi,O,); 6: Anorthite-Ca(AlSi,O,); 7: Chromium Vana-
dium Oxide).

Table 3
Contents of metal elements in lixivium of CFM (mg kg™)
Metal elements Content in lixivium  Threshold®
Cr <0.15 5.0
Zn 0.29 100.0
Cu <0.15 100.0
Al 0.052 NM
Fe ND NM
Ca 10.03 NM
Mg 2.065 NM
Na 4.631 NM
K ND NM

aIdentification standards for hazardous wastes-identification for
extraction toxicity of China (GB5085.3-2007); ND = not detected;
NM = not mentioned.

and found to be much lower than the threshold levels as per
the China standards, that is, GB 5085.3-2007. The reason for
this is that during sintering process, metals, mostly derived
from raw materials, were solidified into the glassy phase in
the form of metallic oxides except some that were volatil-
ized at high temperature [16].

From above findings, we could come to the conclusion
that the self-made CFM presented a promising application
for wastewater treatment. Other researchers, such as Zhao
et al. [22] and Xu et al. [26], also obtained the similar con-
clusion.

3.1.2. Pore characteristics and surface morphology

As Fig. 5(a) showed that the surface of CFM was
rough with many small pores, which achieved suitable
specific surface area, porosity and aperture size. From
Fig. 5(b), it was found that the cross-section of CFM was
porous and with relatively large pores. These rough sur-
face and porous properties of CFM have close relation
to their chemical constituents. The unique porous char-
acteristics and surface morphology of CFM guaranteed
that the wastewater can flow evenly, thus providing the
high removal efficiency and this is also consistent with
other researches [27]. As seen in Fig. 5(a) and (b), the EDS
results revealed that the species of chemical elements in
surface and cross section were highly consistent, includ-
ing C, O, Na, Al, Si, Ca and Fe. Conversely, there were
some differences in the contents weightage (wt%) and
atomic percentage of chemical elements. Compared with
surface, the contents weightage (wt%) and atomic per-
centage of O, Na and Si in cross-section decreased, while
the Ca and Fe amount increased significantly (>two
times).

Moreover, mineralogical analyses of CFM were car-
ried out using XRD (Fig. 4). It was noted that the XRD
pattern of CFM has major peaks assigned to (1) syn-
Fe,0,, (2) SiO, and (3) (Na, Ca)Al(Si, Al),O,, as well as
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cps/eV

e ) Bl B "
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Fig. 5. SEM photographs and EDS spectra of CFM: (a) surface
and (b) cross-section.
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minor peaks assigned to (4) Ca,,Na,, (Al Si, . O,), (5)
Na(AlSi,O,) and (6) Ca(ALSi,O,). Fig. 4 also reflected
that the CFM has two kinds of chemical compositions:
one is glassy materials, such as SiO, and (Na, Ca)Al(Si,
Al),0,, which are major components of ceramsite, form-
ing the ceramsite framework; the other is flux oxides,
such as syn-Fe,O, and CaO, which lower the melting
point of the glassy phase. Besides, some researchers dis-
covered that CFM also has gasogenic constituents [28],
which generate gaseous bubbles bloating the body of
ceramsite, including carbon, ferric oxide, ferrous oxide
and magnetic iron.

3.2. Batch study
3.2.1. Equilibrium isotherms

Equilibrium data, known as adsorption isotherms,
are important in the basic design of adsorption systems,
and are critical in optimizing the use of adsorbents.
Generally, Langmuir and Freundlich models are used
for explaining monolayer homogeneous adsorption pro-
cesses and modeling the adsorption on heterogeneous
surfaces, respectively [29]. In this study, both the mod-
els were selected to evaluate for experimental results.
Their linear model equations are expressed by Eqs. (3)
and (4), respectively:

¢_1 .G

q, Mk M @)
1

logq, =logk, +logC, @)

where M is the maximum monolayer adsorption capacity
(mg g™), C, is the equilibrium concentration of the solution
(mg L), 1/n is the heterogeneity factor, k (L mg™) and k,
(mg g™) are the Langmuir and Freundlich equilibrium con-
stants, respectively.

The fitted liner plots of the Langmuir and Freun-
dlich models of MB adsorption on CFM after stirred for
240 min were analyzed, and the results are illustrated in
Fig. 6. The results determined that the equilibrium iso-
therm data were aligned to the linear Langmuir and Fre-
undlich models at the concentration of MB ranging from
5 to 20 mg L. The Langmuir model provided a slightly
more consistent fit to the data (Fig. 6(a), R* = 0.9988)
as compared with the Freundlich model (Fig. 6(b),
R?=0.9601). That is, the former model provided a better
description of the process than the latter, suggesting that
the adsorption of MB on CFM was a monolayer homo-
geneous adsorption process. Furthermore, according to
the Langmuir model equation (Fig. 6(a)), the maximum
monolayer adsorption capacity of CFM was 0.603 mg g™
after stirred for 240 min.

3.2.2. Adsorption kinetics

In order to explore the adsorption mechanism of
CFM for MB, characteristic constants of adsorption were
determined using pseudo-first-order and pseudo-second-
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Fig. 6. Linear plots of (a) Langmuir isotherm and (b) Freundlich
isotherm of MB adsorption on CFM.

order reaction kinetics [30]. Their simple linear equations
correspond to Egs. (5) and (6), respectively:

In(g, —gq,) =Ing, — kit 5)

t 1 t

qt kzqez

e (6)

where k, and k, are the rate constants of the pseudo-first
and pseudo-second-order reaction kinetics, respectively,
g min-mg™.

The kinetic parameters of pseudo-first and pseudo-
second-order reactions for the removal of MB from aque-
ous solution by CFM are summarized in Table 4. While
comparing the correlation coefficients (R?) listed under
Table 4, it was found that the adsorption of MB on CFM
could be described well by the pseudo-first-order kinetic
model, which has a higher correlation coefficient value
(R? > 0.989) at the concentration of MB ranging from 5 to
20 mg L. On the contrary, the adsorption of MB on CFM
could not be fitted by the pseudo-second-order kinetic
model, owing to poor correlation coefficient values.
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Table 4

Kinetic parameters for the removal of MB from aqueous solution by CFM

C,(mgL™) Pseudo-first-order kinetic Pseudo-second-order kinetic
g, (mg g™ k, x 10 (min™) R? g, (mg g™ k,x 107 (g mg-min™)  R?
5 0.293 13.6 0.9921 0.466 10.7 0.9662
10 0.511 10.4 0.9929 1.328 1.6 0.859
15 0.711 111 0.9896 4.755 0.1364 0.1991
20 0.68 9.2 0.9941 6.236 0.0742 0.0946
3.3. Column study o
3.3.1. Effect of initial concentration ()
The effect of initial concentration on MB removal by 08
CFM was carried out by varying the initial concentra-
tions from 5 to 25 mg L-!. As observed from Fig. 7(a), the 06
breakthrough curve of the lower initial concentration of o
5 mg L' tend to be more gradual, meaning that the col- O 04F —=—5mg/L
umn was difficult to be completely exhausted. On the —e—10mg/L
contrary, when the initial concentrations were more than 02F —4—15mg/L
5 mg L, the breakthrough curves became steeper gradu- i ;2 Egi
ally. The breakthrough times and the exhausting times for 0.0 [ #=a=t—a—u-n-n-a-8-¥ . . i .
the initial concentrations of 5, 10, 15, 20 and 25 mg L™ were 0 100 200 300 400 500 600 700
obtained as 335, 155, 65, 65 and 35 min and 665, 575, 455, Time/ min
395 and 335 min, respectively. Thus, the MB concentra-
tion of 5 mg L™ was chosen as the initial concentration to LOF (b)
investigate the effect of other factors on removal efficiency.
The observed decrease in breakthrough time and exhaus- 0.8
tion time at higher initial concentration may be due to the
rapid exhaustion of the sorption sites of adsorbent [31]. 06}k
3.3.2. Effect of particle size S~ 04} —a—05mm
The variation of MB removal by CFM with operating :::; 22
time was assessed as a function of particle sizes of CFM 02F —v—8mm
in the range of 0.5-11 mm and the results are shown in —e—11mm
Fig. 7(b). With the increase in particle sizes from 0.5 to 0.0 ' \ \ , . \ .
11 mm and prolonged operating time, the breakthrough 0 100 200 300 400 500 600 700
curves became increasingly steep. The breakthrough points Time/ min
for the particle sizes 0of 0.5, 1, 5, 8 and 11 mm were got at 335,
185, 125, 65 and 35 min, respectively, and the exhausting 1LOF (©) -n
times also were obtained at 665, 635, 545, 485 and 425 min,
respectively. Therefore, the particle size of CEM for removal 0.8}
MB was selected 0.5 mm.
Atypical N, adsorption-desorption isotherms of CFM 0.6}
with different particle sizes were studied, and the results &
are presented in Fig. 8. The figure revealed that both the S04} —a—1 mL/min
samples showed type IV isotherms with H, -type hyster- —e— 1.5 mL/min
esis loop at P/P, = 0.45-0.95, and the isotherms showed 02k —a—2 mL/min
high absorption at high relative pressure P/P0 =0.99. It —v—2.5 mL/min
was evident that the BET surface area of CFM particle ool —e+—3 mL/min

size of 0.5 mm was much larger than that of CFM particle
size of 5 mm. Moreover, each sample exhibited a similar
type of H,-type hysteresis loop suggesting that pore size
and shape were basically same in both samples. Reports
have demonstrated that the smaller of particle size of
adsorbent, the more efficiency of adsorbate removal.
This is probably due to large surface area resulting in
high dispersion, outstanding stability and high loading
capacity [32].

0 100 200 300 400 500 600 700

Time/ min

Fig. 7. Effect of (a) initial concentration (particle size = 0.5 mm
and flow rate = 1.0 mL min™), (b) particle size (+0.2 mm, initial
concentration = 5 mg L™ and flow rate = 1.0 mL min™) and (c) flow
rate (initial concentration = 5 mg L™ and particle size = 0.5 mm)
on breakthrough curves of MB removal from aqueous solution
with the CFM bed depth of 106 cm.
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Fig. 8. BET surface area calculated from N, adsorption-desorp-
tion isotherms for (a) CFM particle size of 0.5 mm and (b) CFM
particle size of 5 mm.

3.3.3. Effect of flow rate

The effect of flow rates were investigated at the speed
of 1,1.5,2, 2.5 and 3 mL min™, and the results are depicted
in Fig. 7(c). This figure illustrates that increase in the flow
rates resulted with a decrease in MB removal efficiency.
The breakthrough times for the flow rates in the range of
1-3 mL min™ presented a decreasing trend from 335 to 65
min and the exhausting times also decreased from 665 to
455 min. Thereby, 1 mL min™ was finally selected as a feasi-
ble flow rate. The reasons for this change may be attributed
to the fact that at high flow rates the contact time between
the adsorbent and adsorbate became shorter, reducing
the removal efficiency. On the other hand, the movement
of adsorption zone along the bed is faster, reducing the
removal efficiency as well.

3.3.4. Effect of bed height

Fig. 9(a) displayed the breakthrough curves of the bed
heights of 26.5, 53, 106 and 159 ¢cm at the CFM bed column
operating conditions of the MB initial concentration of
5mg L, particle size of 0.5 mm and flow rate of 1 mL min™.
As expected, the breakthrough times and exhausting times
increased with increasing bed height. Decreasing the bed
height caused the breakthrough curves become steeper,
resulting in the early exhaustion of the CFM bed.

The original work on the BDST model was developed
by Bohart and Adams [33], they proposed a relationship
between bed height (H) and the time (t) taken for break-
through to occur. The BDST model is based on the assump-
tion that the rate of sorption is controlled by the surface
reaction between the sorbate and the residual capacity of
the sorbent [34]. Later, Hutchins modified of the BDST
model with a linear relationship as follows [35]:

Noppo 1 &y
G

t =
! k.C, C, ?)

1.0F
/" 7/ (a)
0.8} /
0.6
SN _
S — —H =26.5 cm
- 041
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0.2r / /" —+—H=106 cm
L
0.0 ottt — —Hz=159cm
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‘?g aqol  Y=47394x-35.678
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m
0 1 1 1 1 1
25 50 75 100 125 150
Bed height/ cm

Fig. 9. (a) Effect of bed heights on breakthrough curves of MB
removal from aqueous solution and (b) bed height vs. service
time at 15% and 50% breakthrough for MB.

where C and C, are the initial and desired concentration of
MB at breakthrough, respectively, mg L7; k is the sorption
rate constant of the column (L mg-min™); N, is the sorptive
capacity of the CFM bed column (mg L™); H is the height of
the CFM bed (cm); V is the linear flow velocity of the feed
to the bed (mL min™); and t is the service time of column
under above conditions (min).
Eq. (7) can be rewritten in the form of a straight line:

t,=mH+n (8)

where m is the slope of Eq. (7) (m = N,/C/V) and n is the
intercept of Eq. (7) represented as Eq. (9).

C
- In(=2 -1
ke, e Y ©)

Fig. 9(b) illustrated the bed height vs. service time for
the removal of MB on the CFM bed column at 15% and 50%
breakthrough. According to Fig. 9(b), the sorptive capacity
(N,) of the CFM bed column at 15% and 50% breakthrough
for MB were 18.804 and 23.697 mg L, respectively. High
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correlation coefficients (R*> 0.99) explained that the vari-
ation of the service times with the bed heights was highly
linear for both the breakthroughs (Fig. 9(b)). Thus, indi-
cating the validity of the BDST model when applied to the
continuous CFM column studies.

3.4. Regeneration performance

For real applications, the reusability and reproducibility
is a very important and crucial factor to obtain an advanced
and efficient filter media as the dyes can be recovered and
the filter media can be regenerated for next applications. An
excellent filter media should not only possess high removal
efficiency but should also possess strong regeneration capac-
ity, which may significantly reduce the overall cost of the
adsorbent [36,37]. The importance of regeneration processes
has stimulated intense research and therefore, a wide vari-
ety of regeneration techniques for exhausted materials have
been proposed, such as chemical methods, wet air oxidative
(WAO) treatment, high-temperature calcination, and electro-
chemical methods. Among them, high-temperature calcina-
tion is considered as the most cost-effective method [38,39].

Herein, high-temperature calcination was employed to
regenerate the exhausted CFM, and the results are shown
in Fig. 10. It was indicated that the breakthrough point
obtained at 335 min for the original CEM (0 cycle) and
at 305, 305, 305 and 275 min for regenerated CFM in 1st,
2nd, 3rd and 4th cycles, respectively. Compared with third
and fourth regeneration CFM, the breakthrough curves of
changing tendency of first and second regeneration CFM
and original CFM were similar. The reason is that as the
increasing number of regeneration cycles, the CFM became
more and more resistant towards the heat treatment [40].
Also, a part of primary porosity decreased as the micropo-
res were blocked during recycles. The results demonstrate
that the CFM can be considered as a reusable material with
excellent regeneration behavior for the removal of MB
from aqueous solution in a certain cycle range.

In general, the Thomas model is applied to determine
the maximum adsorption capacity (g, , mmol g") of an
adsorbent, which is necessary to design of an adsorbent
column. The model is based on the Langmuir adsorption/
desorption, no axial dispersion and the rate driving force
follows second order reversible reaction kinetics [41,42].
The model equation is listed as:

C 1

G 14 ap(w_kmcut)
v

(10)

where k,, is the Thomas rate constant (mL mmol min™), v
is the volumetric flow rate (mL min™) and m is the mass of
CFM in the column (g).

The linearized form of the Thomas model is presented

by:

C Lo -~

In t =k C.t ThTmax
C, -G, Th-0 (11)
The values of k, and q___were obtained from the InC,/

(C;C) vs. operating time (t) by fitting the experimental

1.0F
0.8}
- 06F
O
5‘* 04} —m—( cycle
—e—[stcycle
02 —A—2nd cycle
—v—3rd cycle
0.0 —e— 4th cycle
0 100 200 300 400 500 600 700

Time/ min

Fig. 10. Effect of regeneration of CFM on breakthrough curves
of MB removal from aqueous solution under the initial concen-
tration = 5 mg L, particle size = 0.5 mm, flow rate = 1 mL min™
and the CFM bed depth = 106 cm.

Table 5
Parameters of the Thomas model under different regeneration
cycles using linear regression

Cycles k;, x 10° (mL mmol™ min™) g__ (mmolg”) R?

max

0 31 0.48 0.9801
1 3.0 046 0.9761
2 272 0.44 0.9422
3 27 04 0.9403
4 2.6 0.39 0.9374

Note: C;=5mg L™, v =1 mL min™", m = 4,620 g.

data (Fig. 10), and the results are presented in Table 5. It
was reflected that the adsorption of MB on CFM could
be described well by the Thomas model, with a high cor-
relation coefficient (R* = 0.9801) and a strong adsorption
capacity (g, = 0.48 mmol g™). Table 5 also indicated that
the adsorption of MB on the regenerated CFM followed the
Thomas model. The values of q__of regenerated CEM in
1st, 2nd, 3rd and 4th cycles declined by 4.2%, 8.3%, 16.7%
and 18.8%, respectively. As the number of cycles increased,
the values of correlation coefficient decreased. Our results
confirm that the high-temperature calcination method was
suitable for regeneration of the exhausted CFM, without
impacting the adsorption capacity of CFM column in a cer-
tain cycle range.

4. Conclusions

A laboratory-scale experiment was designed to investi-
gate the removal efficiency of MB from aqueous solution by
the self-made CFM, and coupled with high temperature cal-
cination for regeneration. The main conclusions extracted
from this study may be summarized as follows:

(1) The physical properties and the concentrations of
metals in lixivium of the self-made CFM meet with
the requirements of CJ/T 299-2008 and GB 5085.3-
2007 (China Standards), respectively, suggesting
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that the CFM is a suitable and safe filter material for
wastewater treatment.

(2) Compared with the pseudo-second-order kinetics
and Freundlich model, the batch adsorption data are
described well by the pseudo-first-order kinetics and
Langmuir model, with higher values of correlation
coefficient (R*> 0.989 and R*= 0.9988, respectively).

(3) Under the CFM bed column operating conditions of
MB initial concentration of 5 mg L, CEM particle size
of 0.5 + 0.2 mm and flow rate of 1 mL min, at 15% and
50% breakthrough for MB, the breakthrough data are
agreed well with the BDST model.

(4) The process of MB adsorption on CFM follows the
Thomas model closely, without being influence by
the regeneration cycle (in a certain cycle range). These
results demonstrate that the high-temperature calcina-
tion is a preferable method for exhausted CFM regen-
eration.

Overall, the novel CFM has a great potential to be used
as an environmental friendly adsorbent for wastewater treat-
ment, with efficient adsorption process and strong adsorp-
tion capacity, as well as good regeneration performance.
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