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Abstract Magnesium hydroxide-coated pyrolytic bio-
char composite was prepared by chemical precipitation,
and the adsorption behavior of anionic dye (directly frozen
yellow) onto magnesium hydroxide-coated pyrolytic bio-
char was investigated in the batch mode. The Fourier
transform infrared spectroscopy, X-ray diffraction spec-
troscopy and X-ray fluorescence spectroscopy of adsor-
bents were characterized. Adsorption studies were
performed at different pH, salt concentration, contacting
time and dye concentration. The pH value of the solution
influenced the adsorption capacity significantly, and
adsorption is favored of pH 6-8. Salt coexisted in solution
increased slightly directly frozen yellow adsorption
capacity. The isotherm data were analyzed by Langmuir
and Freundlich isotherm model, and Langmuir model was
better to predict the equilibrium data. Thermodynamic
calculations showed that the adsorption was a spontaneous
and endothermic process. Exhausted magnesium hydrox-
ide-coated pyrolytic bio-char was treated by microwave
irradiation, and yield of regeneration was 98 % in the case
of microwave irradiated time 5 min at 320 W. The mag-
nesium hydroxide-coated pyrolytic bio-char can be reused.
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Introduction

Synthetic dyes are widely used in many industries such as
textile, leather, paper, printing, paint, pigments, cosmetics,
rubber, plastic, pesticide and pharmaceutical industry.
Approximately 12 % of synthetic dyes are lost during
manufacturing and processing performances, and 20 % of
these lost dyes will enter the industrial wastewaters (Gupta
and Suhas 2009). The effluent discharged into natural water
bodies can pose hazardous effects on the living systems
because of carcinogenic, mutagenic, allergenic and toxic
nature of dyes (Robinson et al. 2001), which result in
micro-toxicity to fish and other organisms. The methods for
removal of dyes from solution are chemical precipitation,
membrane filtration, electrodialysis, ultrafiltration, oxida-
tive degradation, ion exchange, adsorption and biological
treatment (Robinson et al. 2001). Among these methods,
adsorption is a well-known and good technique for removal
of refractory pollutants (including synthesis dyes) because
of its easy operation, insensitivity to toxic or harmful
substances, ability to treat concentrated solution of pollu-
tant and the possibility of reusing the exhausted adsorbent
through regeneration. Many low-cost adsorbents have been
used for pollutant removal, and some reviews have been
published (Gupta and Suhas 2009; Wang and Peng 2010;
Wan Ngah and Hanafiah 2008). So, some raw or natural
agricultural by-product and carbonaceous materials as low-
cost adsorbents have been tested to evaluate their efficiency
in the removal of dyes and other pollutants (Bhatnagar and
Sillanpaa 2010; Han et al. 2009a; Wu et al. 2009). How-
ever, some raw agricultural by-products have many dis-
advantages, and one of them is the leaching of some
organic pollutants, which may result in further pollution.
This problem could be simply avoided by carbonization of
the raw materials or chemical modification. Activated
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carbons, prepared from agricultural materials, had good
adsorption capacities with respect to heavy metals, humic
acid, phenol and dyes (Ioannidou and Zabaniotou 2007).
The promising results were obtained when carbonaceous
material prepared was utilized as adsorbent for wastewater
treatment.

Bio-oil production from biomass pyrolysis may lead to
the formation of solid residue, bio-char. Bio-char is dif-
ferent from that formed by partial combustion. In the field
of biomass thermal conversion, attention is focused on the
liquid or gas product (bio-oil or bio-gas), and the bio-char,
which is an attractive by-product, has received attention in
recent years (Arami-Niya et al. 2012; Qiu et al. 2009). It
is available for this carbonaceous residue used as soil
amendment except direct combustion for heat production
(Lee et al. 2010). The bio-char from pyrolytic process has
been directly used as adsorbents for removal of heavy
metals (Mohan et al. 2011), and there are some papers
about removal of dyes from solution. As biomass pyro-
lysis to liquid and gas fuels is important in future, it can
be estimated that large amounts of these chars will be
available (Bridgwater 2012). Thus, this crude bio-char is
easily obtained at low cost. Any use in excess of its value
will be promising, especially development in environ-
mental field as effective adsorbent, carrier materials.
Pyrolytic bio-char (PC) from wheat straw has been
directly used as adsorbent to remove neutral red and
methylene blue from solution, and there is some ability to
bind cationic dyes (Liu et al. 2012; Zhang et al. 2011).
But binding capacity of the bio-char for anionic dyes is
very low.

In order to improve adsorbent’s ability for removal of
refractory pollutants, metal oxides-coated materials have
been studied because of their potential application as
effective adsorbents. Iron and manganese oxide is widely
used to coat zeolite, bentonite, sand or other materials
(Eren et al. 2009; Han et al. 2009b; Zhao et al. 2010; Zhu
et al. 2012; Zou et al. 2006, 2009) for removal of metals or
dyes, but magnesium compounds are seldom used. E. Eren
et al. prepared magnesium oxide-coated bentonite for
removal process of copper ions from aqueous solution
(Eren et al. 2010). Ding et al. prepared magnesium salt—
modified sand for removal of cadmium ions from solution
(Ding et al. 2011). Sun et al. prepared magnesium
hydroxide/activated carbon composite and investigated
adsorption property in the weak acid red. The results
showed that the composite improved the anionic dyes
removal efficiency compared to activated carbon (Sun et al.
2011).

Organic refractory pollutants are difficult to degrade,
and it will cause the secondary pollution if the exhausted
adsorbent is placed in open air. The request for regenera-
tion of adsorbents which is affordable and environmental
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friendly is inevitable. Compared to conventional thermal
regeneration, application of microwave energy has the
capability of molecular-level heating, which leads to
homogeneous and quick thermal reactions (Jones et al.
2002). The microwave irradiation technology was suc-
cessfully used to prepare and regenerate activated carbons
(Liu et al. 2004; Yuen and Hameed 2009). But not much
research has been carried out on regeneration of the dye-
loaded adsorbents by microwave irradiation (Han et al.
2010).

Wheat straw obtained from agriculture as byproduct is
vast. Thus, it is of low cost and can be easily obtained in
all over the north of China. So wheat straw can be used
as original materials to produce bio-oil or bio-gas
through pyrolytic process and bio-char can be obtained.
The objective of this study was to prepare magnesium
hydroxide-coated pyrolytic bio-char (MC), to investigate
characteristics of MC and to test the properties as an
adsorbent for removal of anionic dye, directly frozen
yellow (DFY), from synthetic solutions in batch system.
Fourier transform infrared spectroscopy (FTIR), X-ray
diffraction spectroscopy (XRD) and X-ray fluorescence
spectroscopy (XFS) were employed to characterize PC
and MC. The system variables studied included pH, salt
concentration strength, contact time and DFY concen-
tration. Equilibrium isotherm data were fitted to Lang-
muir and Freundlich equations, and the process was
spontaneous and endothermic from thermodynamic
parameters. The exhausted MC can be reused through
regeneration by microwave irradiation. The experiments
were conducted from October 8, 2011, to December 31,
2011, at physical-chemical building in Zhengzhou
University.

Materials and methods
Materials
Pretreatment of pyrolytic bio-char (PC)

Wheat straw pyrolytic char was obtained from Research
Institute of Environmental Sciences, Zhengzhou Univer-
sity. It was produced by slow pyrolysis of wheat straw
(from local countryside) in a fluidized reactor. Wheat straw
was air-dried for 1 day and was ground and sieved to a
particle size of 2 mm before use. The pyrolytic temperature
was up to 550 °C, and the time through the fluidized bed to
produce bio-oil and bio-gas was 5 min. Yield of bio-char
was about 30 % of wheat straw. PC as a by-product was
washed with distilling water and dried at 110 °C in oven.
Next PC was ground and sieved, and 20-40 mesh was
selected for next use.
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Preparation of magnesium hydroxide-coated pyrolytic
char (MC)

Magnesium chloride and sodium hydroxide were mainly
used in the coating of PC to enhance the adsorption
capacity of PC for anionic dyes removal. Five grams of PC
was immersed in 20 mL magnesium chloride solution
(5 mmol Mg/g PC). Then, sodium hydroxide solution of
2 mol/L. (molar ratio OH/Mg 1.5) was slowly poured into
the mixture with moderate stirring and kept for 24 h. Next,
the medium was filtered, and the mixture was placed in
muffle furnace and heated at 300 °C for 2 h. After cooling,
MC was obtained and washed and adjusted to pH 7.0 using
distilled water. Finally, MC was dried at 110 °C and stored
in glass bottle for further use.

Characterization of MC

Contents of carbon, hydrogen and nitrogen in PC and MC
were determined by elemental analysis instrument (Flash
EA 1112, USA). Elemental compositions were obtained by
X-ray fluorescence spectrometer (Philips PW 2404 X-ray
fluorescence, Netherlands).

The functional groups present in PC and MC were
characterized by a Fourier transform infrared spectrometer
(PE-1710, USA). Ten milligram of dried PC and MC was
dispersed in 200 mg of spectroscopic-grade KBr to record
the spectra using potassium bromide disks to prepare the
bio-char samples. The spectral range varied from 4,000 to
400 cm ™"

X-ray diffraction (XRD) analysis was carried out to
identify any crystallographic structure using a computer-
controlled X-ray diffractometer.

The pH at point zero charge (pHp,.), namely the pH
value required to give zero net surface charge in solution,
was evaluated by the solid addition method, and it was 7.8
and 8.6 for PC and MC, respectively (figure was not
shown). The specific surface area of MC and PC was tested
using the nitrogen adsorption method, and the results were
22.52 and 23.76 m*/g for PC and MC, respectively. Area of
PC was slightly increased after modification. The average
pore diameters of PC and MC were 19.18 and 18.87 nm,
respectively.

Chemicals

All reagents used were of analytical purity. DFY (CAS
2870-32-8, C30H6N4Na0gS,, C.I. 24895, FW = 680.66)
was purchased from Zhengzhou Chemical Company,
China. DFY was existed as anionic ions in water solution.
Stock solution was prepared by dissolving 1.0 g of DFY in
1 L distilled water without further purification. The test

solutions were prepared by diluting stock solution to the
desired concentration. The pH was adjusted using 1 mol/L
NaOH or HCI solutions if necessary.

Adsorption experiments

In this study, 20 mL of dye solution of initial dye con-
centration of 50 mg/L was agitated with 0.010 g MC in
50-mL capped conical flasks for 10 h, which was sufficient
to reach equilibrium for effects of pH and ionic strength at
303 K. The contact was made using a water bath shaker at
a constant temperature and at a constant agitation speed of
100 rpm.

Kinetic experiments were carried out as follows: 0.010 g
of MC and PC was loaded into conical flasks containing
20 mL of dye solution (50 g/L). The flasks were then
subjected to agitation using water bath shakers for various
contact time intervals at 303 K. Flasks were taken from the
shakers at regular time intervals.

In order to study adsorption equilibrium, 20 mL dye
solution with various initial dye concentrations (NaCl
solution 0.004 mol/L) was agitated with 0.010 g MC in
50-mL capped conical flasks for 10 h at 293, 303, 313 K,
respectively.

After adsorption, the mixtures were centrifuged, and the
left out concentration in the supernatant solution was
analyzed using a UV/Vis-3000 spectrophotometer (Shi-
madzu Brand UV-3000) by monitoring the absorbance
changes at a wavelength of maximum absorbance
(400 nm). Calibration curves were plotted between absor-
bance and concentration of the dye solution.

Adsorbed DFY was calculated from the difference
between DFY initially added to the system and that
remaining in the solution after adsorption. The amount of
dye adsorbed onto unit weight of adsorbent (g) was cal-
culated using the following equation:

g=Yio—c (1

m

where V is the solution volume in L, ¢y is the initial DFY
concentration in mg/L, ¢, is the DFY concentration at
adsorption equilibrium in mg/L.

Regeneration of dye-loaded MC

Regeneration of the exhausted MC (adsorption system of
0.01 gMC and 20 mL 150 mg/L DFY solution) was carried
out by two methods: the exhausted MC was soaked in
10 mL 0.01 mol/L NaOH solution for 1 h or was placed in a
single-mode microwave device. The experimental equip-
ment for the microwave regeneration of MC consists of a
microwave magnetron of a maximum output power 800 W
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with 2,450 MHz (G80W23CSP-Z, China). Exhausted MC
situated inside an evaporating dish was placed into the
microwave oven and exposed to microwave heating for
5 min at 320, 480, 640 W, respectively. Then, the regen-
erated MC can be reused as adsorbent to adsorb the DFY
from solution. The regeneration yield was calculated as the
ratio of values of ¢. before and after regeneration using
NaOH treatment or microwave irradiation.

Results and discussion
Characterization of MC
Elemental composition

Element composition from elemental analysis and XRF
analysis is listed in Table 1.

From Table 1, PC was carbon rich, and there were some
inorganic elements confirmed by XRF analysis, such as Si,
K, Ca, Fe, Mg, Al, S, P. Compared with PC, content of
magnesium oxide in MC significantly increased while
content of K,O and Fe,05 decreased, which indicated that
magnesium element was coated onto the surface of PC.

FTIR analysis

Fourier transform infrared (FTIR) analysis was carried out
to characterize the surface organic functional groups pre-
sented on these samples. The FTIR spectrum of PC and
MC is shown in Fig. 1.

From Fig. 1, FTIR spectrum of PC and MC displayed a
number of absorption peaks, reflecting the complex nature
of the materials. The bands were due to different surface
groups. A strong absorption peak at about 3,415 cm™" was
assigned to stretching vibration of hydroxyl functional
groups including hydrogen bonding due to adsorbed water.
The absorption band near 2,900 cm ™' corresponds to the
C-H stretching vibration from the methyl and methylene
groups. The band at 1,559 cm™' can be assigned to aro-
matic C=C vibration. In the fingerprint region (below
1,500 cm_l), the band near 1,425 cm™! is attributed to

Table 1 Element composition of PC and MC (%)

Element Al,O; CaO Cl Fe,0; K, O MgO MnO
PC 1.17 1551 3.18 6.806 14.82 322 0.233
MC 0.92 13.44  0.642 4.887 303 354 0.172
Element P,Os5 SO; SiO, TiO, N C H

PC 5.04 242 422 0.184 085 63.11 1.57
MC 5.42 226 32.1 0.1 0.77 6042 1.78
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O-H bending or C-O stretching vibration of phenol, while
the peak at 1,384 " is assigned to C—H bending in alkanes/
alkyl groups (Liu et al. 2012). The absorption band which
was not markedly resolved in the location of
1,200-1,300 cm ™! may be from C-O vibration in phenols.
The sharp peak at 1,047 cm™" was attributed to -C—O—-C—
stretching vibrations of polysaccharides or from the bend-
ing vibration of —C—OH. The peak near 874 cm™' was
characteristic of C—H bending vibration in a f-glucosidic
linkage (Ozcimen and Karaosmanoglu 2004). Another
band was found at about 800 cm ™', which was expected to
be associated with the out-of-plane bending mode of O-H.
The peak at 802 cm™' and sharp peak at 462 cm™' were
also contribution of the adsorption from O-Si-O, indicat-
ing the presence of amounts of silica. This result was
consistent with the higher content of SiO, for PC.

Compared to PC, there was a sharp and strong peak at
3,698 cm~ ! in MC, which was from O-H vibration from
Mg(OH),. Another change was the peak (from hydroxyl
functional groups) shifted (from 3,415 to 3,381 cmfl).
This also showed that magnesium hydroxide existed on the
surface of PC. The observed spectra showed that MC
consisted of several surface functional groups, which
contributed to its color removal efficiency.

XRD analysis

Powder XRD patterns for PC and MC are shown in Fig. 2.
From Fig. 2, the peaks at 20 = 20°-30° referred to the
stacking structure of aromatic layers (graphite 002), and the
broadening originated from the small dimensions of crys-
tallites perpendicular to aromatic layers (Takagi et al.
2004). Sharp and non-labeled peaks in PC indicated mis-
cellaneous inorganic components. The greater prevalence
of these peaks was consistent with the higher content of
Si0,, Ca0, K,0, Fe,03. The sharp and strongest peak at
20 = 26° originated from crystalline SiO,. The X-ray
diffraction peak confirmed that PC possessed a heteroge-
neous surface. For MC, strength of peak at 20 = 26°
became weak and a new peak at 20 = 38° appeared, which
was from MgO contribution. This also showed that mag-
nesium element was successfully coated onto surface of
MC and there is new phase in the solid surface. The peak
intensity of K,O and Fe,O3 for MC decreased, and this was
consistent with the lower contents of K,O and Fe,O3 in
MC.

Adsorption study
Effect of solution pH on adsorption

DFY is an anionic dye, which exists in aqueous solution in
the form of negatively charged ions. As a charged species,
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the degree of its adsorption onto the adsorbent surface is
i0, primarily influenced by the surface charge on the adsor-
bent, which in turn is influenced by the solution pH. Fig-
ure 3 shows the effect of pH on adsorption quantity.

The aqueous solution pH has a significant influence on
the adsorptive uptake of dyes due to its effect on both the
surface binding sites of the adsorbent and the ionization
process of the dye molecule. From Fig. 3, it is observed
that the value of g. was insignificantly different at the
solution pH within 4-8 and at pH 6-8 value of ¢. was
largest. At pH value over 8, adsorption capacity decreased.
Apparently, the adsorption of DFY preferred at neutral or
weak acid conditions. These results were consistent with

1'0 " 2'0 " 3'0 " 4'0 pHpzc 8.6 of MC. As the pH of DFY solution was near 6.0,
20 the pH was not adjusted in the next experiment.
Change in solution pH before and after adsorption is
Fig. 2 XRD pattern of PC and MC also shown in Fig. 3. It was observed that change in pH is
positive at initial solution pH below 8.0, while the change
is negative at pH above 9.0. This trend was consistent with
PHPZC 8.6.

As the molar ratio of OH™ to Mg is 1.5 and Mg" is
14 excess in the form of Mg(OH),, the surface of MC may be
13 positive in solution. This enhances binding for anionic ions
from solution.

Intensity

90 15
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Effect of salt concentration on adsorption

The dye wastewater has commonly higher salt concentra-

4 6 8 10 12 tion, and effects of salt concentration or ionic strength are

Initial pH important in the study of dye adsorption. Figure 4 shows

Fig. 3 The effect of initial pH of solution on adsorption and ApH the effect of various NaCl and Na,SO, concentrations on
between final pH and initial pH (7' = 293 K, ¢y = 50 mg/L) the values of ge.
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Fig. 4 Effect of NaCl and Na,SO, concentration on DFY adsorption
(T =293 K, ¢y = 50 mg/L)

In Fig. 4, it is shown that the increase in the salt con-
centration resulted in an increase in values of g.. Over
0.004 mol/L. of salt concentration, the values of g,
decreased. This result showed that MC can be used to
remove DFY from salt solution with some content.

The pHzpc of MC was estimated to be 8.5 and the
equilibrium values of pH of solution were near 8.0, which
means that the pH of the solution is less than pHzpc.
Thus, MC as a positive surface attracted the negatively
charged DFY molecules. Theoretically, when the elec-
trostatic interaction between the adsorbent surface and the
adsorbate ions is attractive, an increase in ion strength
will decrease adsorption. However, the experimental
results from this study did not follow this convention, as
the adsorption capacity was enhanced by salt addition.
This may be attributed to the presence of non-electrostatic
forces, such as hydrogen bond and dispersive interaction.
These forces were enhanced with increasing ion strength,
which screened the electrostatic interaction and resulted
in the constant adsorption capacity of MC for dye
molecules.

It was also seen that the effect of Na,SO, was smaller
than that NaCl at same salt concentration. This may be
explained by the effect of ionic strength. As there were
higher ionic strength for Na,SO, solution with same con-
centration of NaCl, the active coefficient decreased, and
this resulted in decrease in the active concentration of dye
in solution and active site on the surface of MC.

Effect of contact time on adsorption

The values of g, at different contact time (¢) for PC and MC
are shown in Fig. 5, respectively.

From Fig. 5, both the kinetic curves showed that a three-
stage kinetic behavior was evident: a rapid initial adsorp-
tion over 100 min, followed by a longer period of much
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Fig. 5 Effect of contact time on adsorption (¢ = 50 mg/L)

slower uptake (400 min) and gradual equilibrium time. The
first phase was the instantaneous adsorption stage or
external surface adsorption. The second and third phases
were the gradual adsorption stage, and finally DFY uptake
reached equilibrium.

It was also seen that adsorption capacity of MC for DFY
was significantly larger than that of PC. So it was con-
cluded that the adsorption capacity of PC can effectively
remove DFY through magnesium hydroxide coating.

The effect of equilibrium DFY concentration on adsorption

Adsorption isotherm studies were conducted in initial DFY
concentration ranges of 30-200 mg/L. The effect of the
equilibrium concentration of DFY in the solutions on
adsorption is shown in Fig. 6 (adsorption isotherm). As
seen from Fig. 6, equilibrium uptake increased with the
increasing DFY concentrations at the range of experi-
mental concentration. This was a result of the increase in
the driving force of the concentration gradient.

The bigger adsorptive capacity of DFY was also
observed in the higher temperature range. This was due to
the increasing tendency of dye ions to adsorb from the

313K __--

170
= 140
<
)
g 110
)
s 80 | —— Experimental curves

—= - Langmuir
sorddy”7 0 e Freundlich
20 L L L L L L )
0 20 40 60 80 100 120 140
c./(mg/g)

Fig. 6 Adsorption isotherms of DFY adsorption onto MC
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Table 2 Regeneration yield at different conditions

Condition 320 W 480 W 640 W 0.01 mol/L NaOH

Yield/% 98.5 89.0 85.5 55.2

solution to the interface with increasing temperature. This
indicated that the adsorption of DFY ions onto MC was
endothermic in nature and adsorption was favored at higher
temperature at the experimental condition.

Reusability of the adsorbent

The reusability of adsorbent is very important in industrial
practice to make the wastewater treatment become eco-
nomic. The regeneration of exhausted MC (DFY-loaded
MC) was performed by chemical treatment using diluted
NaOH solution as an elution solution and microwave
irradiation. Table 2 lists the regeneration yields with dif-
ferent methods, respectively. From Table 2, the regenera-
tion yield was 55 % by 0.01 mol/L solution. Furthermore,
high regeneration yield was obtained through microwave
irradiation, and it was up to 98 % using lower power of
320 W.

The application of microwave energy was proven to be
superior to the use of conventional heating on accelerating
reaction rates, improving yields, and selectively activating
or suppressing reaction pathways. Microwave heating
offers apparent advantages to adsorbent regeneration,
including rapid and precise temperature control, small
space requirements and greater efficiency (Yuen and
Hameed 2009). Regeneration of first, second and third
circles through microwave irradiation with power 320 W
for 5 min was performed, and regeneration yields were
98.0, 88.7 and 85.1 %, respectively. The successive
regeneration cycles reduced the microporosity of the
adsorbent, and the yield of regeneration became smaller,
but the change was insignificant. So MC can be considered
as a reusable adsorbent. This result implied that the DFY-
loaded MC can be reused as adsorbent to effectively
remove DFY solution.

Adsorption equations modeling and determination
of thermodynamic parameters

Adsorption isotherm modeling
The equilibrium isotherm model plays an important role in

predictive results for analysis and design of adsorption
systems. Langmuir and Freundlich isotherm models are

common and often applied. Langmuir equation (Langmuir
1916):

gmKice
de =

= dm2l%e 2
1+KLCC ()

where g, is the g. for a complete monolayer (mg/g), a
constant related to adsorption capacity; and K is a con-
stant related to the affinity of the binding sites and energy
of adsorption (L/mg).

Freundlich equation (Freundlich 1906):

e = KFCe]:/n (3)

where Ky and 1/n are the Freundlich constants related to
the adsorption capacity and adsorption intensity of the
adsorbent, respectively.

The relative parameters of each equation are obtained
using least square sum (SS) between the calculated data and
experimental data by nonlinear regressive analysis. The
calculated expression of SS is as follows:

SS = Z(nq%zq)z 4)

where ¢. is the predicted (calculated) quantity of DFY
adsorbed onto MC according to adsorption models, g is
the experimental data, and n is number of experimental
points.

If higher values of R”> and lower values of SS are
obtained, the model is better to predict the experimental
data.

The relative constants from the Langmuir and Freund-
lich models, the determined coefficients (R2) and values of
error (SS) are presented in Table 3. To assess the different
isotherms and how they compare to experimental results,
the theoretical plots for two models are also presented
with the experimental data for the adsorption of DFY in
Fig. 6.

From Table 3, values of ¢, the adsorption capacity for
DFY removal, were 167.5, 187.3, 205.5 mg/g at 293, 303,
313 K, respectively, while values of K; were 0.0352,
0.0548, 0.0710 mg/L at different temperature. For param-
eters of Freundlich, values of Ky were 42.1, 33.4, 22.1 at
293, 303, 313 K, respectively, while values of 1/n were
0.325, 0.343, 0.386 at various conditions.

It is evident from Fig. 6 and Table 3 that the equilibrium
data were better represented by the Langmuir isotherm
equation than by the Freundlich equation. The parameters
of g, K1, and 1/n became larger with increase in temper-
ature while parameter of Ky decreased. This indicated the
homogeneous nature of MC where each dye molecule/MC
adsorption had equal activation energy and the formation of
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Table 3 Parameters of

adsorption isotherm models for Isotherm constants Temperature/K
DFY adsorption 203 303 313
Langmuir
Ky (L/mg) 0.0352 + 0.0054 0.0548 + 0.0076 0.0710 £ 0.0084
gm (Mg/g) 167.5 £9.2 187.3 £ 8.3 2055+ 75
R 0.975 0.978 0.984
SS 35.7 45.6 444
Freundlich
Kk 42.1 £ 89 334+ 76 22.1 £54
1/n 0.325 £+ 0.054 0.343 £+ 0.056 0.386 + 0.058
R 0.898 0.902 0.916
SS 282.3 205.6 122.6

monolayer coverage of dye molecules on the surface. The
values of 1/n (0.1 < 1/n < 1) indicated a favorable
adsorption of DFY at experimental conditions (Aksu 2002).

Thermodynamic parameters of adsorption

The free energy change (AG), enthalpy change (AH’) and
entropy change (AS°) were determined according to equi-
librium data. The apparent equilibrium constant (K.) of the
adsorption is defined as (Aksu 2002):

/ Cade
Ke==" (5)
where c,q, is the concentration of DFY on the adsorbent at
equilibrium (mg/L). The value of K. can be obtained with
the lowest experimental DFY concentration. The K. value
is used o determine the Gibbs free energy change of
adsorption (AG?).

AG® = —RTInK, (6)

Assume that enthalpy and entropy are not independent
on temperature during adsorption process. The change in
enthalpy (AH") and entropy (AS®) can be obtained from the
slope and intercept of a van’t Hoff equation of AG® versus
T:

AG® = AH® — TAS® (7)

where AG® is standard Gibbs free energy change, J; R is
universal gas constant, 8.314 J/mol K, and T is absolute
temperature, K.

The thermodynamic parameters are listed in Table 4.

From Table 4, the negative values of AG° were due to
the fact that the adsorption processes were spontaneous.
The increase in the absolute value of AG® as temperature
rises indicated that the affinity of DFY on MC was higher

’r @ Springer

Table 4 Thermodynamic parameters of DFY adsorption

Thermodynamic parameters Temperature/K

293 303 313
AG® (kJ/mol) —1.73 —2.87 —4.04
AH® (kJ/mol) 32.16
AS® (kJ/mol K) 0.115

at high temperatures. The positive value of AH® indicated
the endothermic nature of the process, whereas the positive
AS° value confirmed the increased randomness at the solid—
solute interface during adsorption. The low value of AS°®
also indicates that no remarkable change in entropy occurs
during adsorption process.

Conclusion

Magnesium hydroxide/pyrolytic bio-char composite (MC)
prepared by chemical precipitation was characterized using
FTIR, XRD, XFS, etc. The property of DFY adsorption
onto MC was studied. Several factors, such as pH, contact
time, salt concentration and equilibrium dye concentration,
were investigated. Adsorption was favored at pH 6-8 and
salt coexisted in solution slightly enhanced adsorption
capacity. The equilibrium data were better fitted by
Langmuir model, and the adsorption capacity was up to
167.5 + 9.2 mg/g at 293 K. The process was spontaneous
and endothermic in nature from thermodynamic parame-
ters. The regeneration was effective by microwave irradi-
ation and the exhausted MC can be reused after microwave
irradiation.

Acknowledgments This work was supported by the National Nat-
ural Science Foundation of China for undergraduate cultivation in



Int. J. Environ. Sci. Technol. (2014) 11:1439-1448

1447

basic science (JO830412 and J1210060), the Natural Science Foun-
dation of Henan Province (92300410232), and the Science and
Technology Foundation of Education Department of Henan Province
(13A150650).

Appendix

The formula of DFY is as follows:
/503Na

/
- ~-N

SO3Na
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