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Abstract: Bone char was prepared from bovine bone for the removal of methylene blue from aqueous
solution. The effects of particle size, contact time, and adsorption temperature on the removal rate of
methylene blue were investigated. It was found that bone char particle size had an insignificant effect.
The equilibration time was found at approximately 80 min. The removal rate decreased with an
increase in temperature. The intraparticle diffusion was the main rate-limiting step. The experimental
data was analyzed by kinetic, isotherm, and thermodynamic equations. The results show that the
pseudo-second-order kinetic model and Freundlich, Temkin, and Dubinin–Kaganer–Radushkevich
isotherm models are true of the adsorption process. The spontaneous and exothermic ion-exchange
adsorption process was certified by the negative values of free energy change and enthalpy change,
and 13.29 kJ mol−1 of adsorption energy.

Keywords: bone char; methylene blue; adsorption; ion-exchange; kinetics

1. Introduction

Methylene blue (MB) is a cationic thiazine dye, widely used as a chemical indicator, dye, biological
stain, and drug [1–3]. However, unbridled emissions of methylene blue into surface and underground
water will harm human beings and other creatures because of its toxicity to neural tissue, reproductive
system, and skin [4]. Therefore, the removal of methylene blue from effluent is important for
environmental and human health.

In recent years, photocatalysis has been considered as an effective method for the oxidization
of methylene blue into nontoxic products [5]. With large numbers of surface active sites, nano-sized
photocatalysts have been extensively studied [6]. However, the suspension composed by nano-sized
photocatalysts and methylene blue solution can block light penetration, reducing the photocatalytic
efficiency. In addition, nanoparticles are difficult to reclaim, so the secondary contamination may
hinder their large-scale industrial application. To solve these problems, millimeter-sized porous
materials such as activated carbon [7], diatomite ball [8], vermiculite [9], and molecular sieve 5A [10]
have been developed to support nano-sized photocatalysts. Moreover, the application of nanofiltration
membranes [11,12] may be a potential solution for the separation of nano-sized photocatalysts from
the solution.

A good catalyst support has to possess the advantages of large specific surface area, fast and
strong adsorption to the pollutant, and reversible adsorptivity in room temperature to promote
photocatalysis. In the list of global greenhouse gas emission contributors, agriculture ranked the second

Appl. Sci. 2018, 8, 1903; doi:10.3390/app8101903 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
http://www.mdpi.com/2076-3417/8/10/1903?type=check_update&version=1
http://dx.doi.org/10.3390/app8101903
http://www.mdpi.com/journal/applsci


Appl. Sci. 2018, 8, 1903 2 of 11

highest, so more attention must be allocated to the utilization of agricultural waste to form sustainable
solutions [13]. As one of the biggest wastes in livestock products, animal bone has to be recycled and
utilized to meet the requirements of sustainable development. Meanwhile, the technological solutions
to recycle waste must be conducive to sustainable industrial and social development [14].

In this paper, bone char, a low-cost material with large specific surface area, was used to study
its adsorption performance for methylene blue, which may be a promising support material for
photocatalysts. Bone char (BC) is made from cheap bovine bone waste products with a porous
hydroxyapatite structure. It has been highly regarded as a green (nontoxic), effective, and easily
regenerable adsorbent to remove hormones and methylene blue dye [15–18]. The performance of
adsorbents and separation materials could be fine-tuned with various treatments such as pyrolysis
treatment [19] and solvent treatment [20]. These two solutions have also been studied in our previous
report [15].

The effects of bone char size, contact time, and adsorption temperature on the removal rate of
methylene blue have not been studied previously; however, these are important factors to consider
in the photocatalysis process. Thus, the study of these effects is the main research purpose of this
work. The adsorption mechanisms of bone char for methylene blue using kinetic, isotherm, and
thermodynamic theories were also studied. Finally, the ion-exchange interaction mechanism between
bone char and methylene blue was proposed.

2. Experimental

2.1. Preparation and Characterizations of Bone Char

Bone char was prepared from bovine bone waste products, which were sawed into pieces of
2~3 cm in length. The bone pieces were then rinsed and boiled in deionized water three times for
4 h each to remove fat and residual protein thoroughly; they were then dried in an oven at 110 ◦C
for 12 h. These porous solids were ground into small granules, which were sieved to particle sizes
of 0.25~0.50 mm, 0.50~0.80 mm, and 0.80~1.00 mm using the ASTM (American Society for Testing
and Material) standard sieves. Pyrolysis was performed in a box-type muffle furnace at 400 ◦C for 2 h
under atmospheric conditions with a heating rate of 10 ◦C min−1. After being cooled to approximately
50 ◦C, the prepared samples were transported to a desiccator.

The phase purity and crystallinity of the prepared bone char were determined by XRD (Bruker,
D2 PHASER, Billerica, MA, USA) using Cu Kα (λ = 1.5405 Å) radiation. The specific surface areas
of bone char samples were detected on a surface area instrument (Micromeritics, 3 FLEX, Norcross,
GA, USA) using nitrogen gas as an adsorbate and calculated according to the BET (Brunauer, Emmett
and Teller) model. The FT-IR spectra of bone char samples before adsorption and after desorption
of methylene blue were captured by an FT-IR spectrometer (PerkinElmer, Spectrum 100, Waltham,
MA, USA).

2.2. Removal of Methylene Blue by Bone Char

Methylene blue (CAS: 122965-43-9, ECP) solutions were placed in closed brown glass bottles and
agitated in an incubator shaker at a speed of 150 rpm. The effects of pH, initial dye concentration, and
adsorbent dosage have been investigated in our previous research [21]. In this study, the initial pH
was set as 10.4 because methylene blue can be adsorbed on the bone char surface mainly by strong
electrostatic attraction between negative bone char surface adsorption sites after deprotonation and
positive methylene blue ions without free chloride ions when the pH value is higher than the point of
zero charge (pHPZC = 8.0) of bone char. Another reason for this initial pH is that ZnO, the photocatalyst
that will be loaded on the bone char surface in later research, is not stable at pH ≤ 5 or ≥11 during
photocatalysis [22]. The initial dye concentration was 4.48 mg L−1, and the adsorbent dosage was
4 g L−1. At certain time intervals, the concentration of methylene blue solution was identified by a
UV-VIS spectrometer (Perkin Elmer, Lambda 35, Waltham, MA, USA) at 664 nm. When the adsorption



Appl. Sci. 2018, 8, 1903 3 of 11

process was finished, bone char samples were washed with hot deionized water several times for
thermal desorption, followed by drying for the next run. The removal rate (R) and equilibrium
adsorption quantity (qe, mg g−1) of methylene blue dye were obtained as follows [23]:

R (%) = (c0 − c) × 100/c0 (1)

qe = (c0 − ce)V/m (2)

where c, c0, and ce are the dye concentrations detected at the certain, initial, and equilibrium time
(mg L−1), respectively [17,24,25].

2.3. Kinetic and Isotherm Models

2.3.1. Pseudo-Second-Order Kinetic Model

Because the combination of negative bone char surface and positive methylene blue ions indicated
the occurrence of electron transfer, the corresponding pseudo-second-order kinetic model was used in
this work. It can be given as follows:

t/q = 1/kqe
2 + t/qe (3)

where k is the pseudo-second-order adsorption rate constant (g mg−1 min), and q and qe are the
adsorption capacity (mg g−1) at t min and equilibrium, respectively.

2.3.2. Intraparticle Diffusion Model

It is possible that intraparticle diffusion is the rate-limiting step in porous adsorption systems.
Weber and Morris put forward the intraparticle diffusion approach [26], and the related equation can
be presented as follows [27,28]:

Q = xi + kidt0.5 (4)

where kid is the constant of intraparticle diffusion (mg g−1 min−0.5) and is obtained from the slope of
the straight-line portion fitted from the respective plots. The plot of q vs. t0.5 may be in the presence of
multi-linearity [29,30], indicating no less than two rate-limiting steps occurring during the adsorption
processes. xi—the intercept of the line—is certainly proportional to the thickness of the boundary layer.

2.3.3. Adsorption Isotherm Models

The adsorption process is described by Langmuir, Freundlich, and Temkin models, respectively.
These isotherm equations can be represented respectively as below [16,17]:

The Freundlich isotherm equation can be represented as a linear form:

logqe = logk + 1/nlogce (5)

where k and n represent the adsorption capacity (mg g−1) and adsorption intensity, respectively. When
the n value is between 2 and 10, it is thought that adsorption occurs readily. When the n value is less
than 0.5, the occurrence of adsorption becomes more difficult.

The Langmuir isotherm equation is represented as follows:

1/qe = 1/qmaxbce + 1/qmax (6)

where qmax stands for the maximum adsorption amount (mg g−1) and b represents the adsorption
equilibrium constant (L mg−1).

The Temkin isotherm can be described as follows:

qe = BlnKt + Blnce (7)
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where B = RT b−1. The units of adsorption temperature T and the universal gas constant R are K and J
mol−1 K−1, respectively. The binding constant Kt is representative of the maximum binding energy,
and B is a constant relevant to the adsorption heat.

In adsorption studies, the Freundlich, Langmuir, and Temkin isotherms usually are used to
describe monolayer adsorption and cannot tell the mechanisms and energy of adsorption; it is the
Dubinin–Kaganer–Radushkevich (DKR) isotherm that can give the adsorption mechanism and energy
of adsorption process, which is expressed as a linear form [4]:

lnqe = lnqm − βε2 (8)

where qe is the adsorption quantity of methylene blue on bone char (mmol g−1). qm, β, and ε are
the DKR single-layer adsorption capacity (mmol g−1), adsorption energy constant (mol2 kJ−2), and
Polanyi potential (kJ mol−1), respectively. ε can be represented as follows:

ε = RTln(1 + 1/ce)/1000 (9)

where ce is the concentration of methylene blue at adsorption equilibrium time (mmol L−1). β and qm

can be derived from the plot of lnqe vs. ε2. The adsorption energy (E, kJ mol−1) can be obtained by the
following equation:

E = (2β)−0.5 (10)

The types of adsorption processes can be estimated by the ranges of E, and the E values of physical
and ion-exchange adsorption are below 8 kJ mol−1 and among 8~16 kJ mol−1, respectively [31,32].

2.4. Adsorption Thermodynamics

The thermodynamics parameters regarding the adsorption of methylene blue by bone char, e.g.,
Gibbs free energy change (∆G0, kJ mol−1), enthalpy change (∆H0, kJ mol−1), and entropy change (∆S0,
J mol−1 K−1), were obtained through the following formulas [33,34]:

Kd = qe,mol/ce,mol (11)

∆G0 = −RTlnKd (12)

lnKd = −∆G0/RT = ∆S0/R − ∆H0/RT (13)

where Kd, qe,mol, and ce,mol are the thermodynamic equilibrium constant, adsorptive capacity
(mg mol−1), and equilibrium concentration (mg L−1), respectively. ∆H0 and ∆S0 can be calculated
from the plot of lnKd − 1/T.

3. Results and Discussion

Figure 1a shows that the XRD pattern of bone char fits well with the hydroxyapatite phase. The
SEM image in Figure 1b shows the accidented surface of bone char, indicating a potentially large
specific surface area.
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The photograph and surface areas of the bone char samples are shown in Figure 2a and Table 1,
respectively. From Table 1, it can be seen that bone char with the smallest size has the biggest total and
external surface area but has no pores on its surface. Further pore diameter detection shows that the
pore size of bone char is between 1.7 and 75 nm, including major mesopores (2~50 nm) and a small
number of pores <2 nm (micropores) or >50 nm (macropores) in diameter [15]. The chemical structure
of the methylene blue molecule is shown in Figure 2b. The length of a methylene blue molecule is
13.82 Å [35] or 14.47 Å [36], and the width is approximately 9.5 Å. The length depends on the chloride
ion’s locations, namely whether it connects to the intermediate sulfur located in the center of the
molecule or one of the two nitrogen atoms located at sides. Considering the length of the methylene
blue molecule and the pore sizes of bone char, methylene blue molecules can enter into all of the pores
of bone char.

As shown in Table 1, there is no association between removal rates and bone char particle size
when the particle sizes are below 1.0 mm, while bone char samples with particle sizes between
0.25~0.50 and 0.50~0.80 mm have almost the same removal rate for methylene blue. The external
specific surface areas of the two samples are not proportional to the removal rates. This may result from
the intraparticle diffusion caused by the micropores on bone char with particle sizes of 0.50~0.80 mm.
The results indicate that the adsorption process is restricted by not only the external surface but also
the intraparticle diffusion. While bone char with a larger particle size of 0.80~1.00 mm has the biggest
micropore specific surface area, the removal rate is slightly reduced. This is because the adsorption
performance of bone char mainly depends on external diffusion. Similar results were reported in other
literatures [28,37]. The errors of adsorption data listed in Table 1 were due to the existence of dynamic
adsorption equilibrium.

Table 1. Effect of specific surface area on the removal rate of methylene blue by different sizes of bone
char (T: 303 K, t: 24 h).

Bone Char Size (mm)
Specific Surface Area (m2 g−1)

Removal Rate (%)
Total External Micropore

0.25~0.50 119.21 119.21 - 45.72 ± 0.95
0.50~0.80 116.03 115.16 0.87 45.86 ± 0.57
0.80~1.00 113.13 107.73 5.40 42.35 ± 0.66

Figure 2c shows that a rather fast adsorption of methylene blue occurs on the bone char surface
during the first few minutes (0~10 min), followed by two slow stages (10~40 min and 40~80 min).
The second slow adsorption stage is ascribed to the decreasing diffusion path within the narrow
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mesopores with possible pore blockage, further reducing diffusion [23]. In view of the length and width
of the methylene blue molecule, large numbers of methylene blue dimers in water, and the micropore
size of bone char, one methylene blue molecule or its dimer is enough to clog these microporous
orifices. Therefore, the adsorption rate of the third stage is quite low. At last, the adsorption reaches
its equilibrium at about 80 min. In this situation, the uptake rate on the surface region is much faster
than the intraparticle diffusion rate in the pores [38,39]. This can be explained by the adsorption
process, which follows a two-stage adsorption model governed by internal diffusion based on the
Crank–Nicolson method.
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Figure 2. (a) Photograph of bone char with different sizes, (b) chemical structure of methylene blue,
(c) effect of contact time on the removal rate of methylene blue (bone char particle size: 0.5~0.8 mm;
T: 303 K), (d) three stages of the removal process of methylene blue by bone char represented
by three continuous tend lines, (e) effect of adsorption temperature on the adsorption, and (f)
pseudo-second-order kinetic model of the adsorption process (bone char particle size: 0.50~0.80 mm).

Intraparticle diffusion is expected to be the rate-limiting step during the adsorption process due to
the predominant mesoporous structure of bone char. Figure 2d shows that the adsorption behavior of
methylene blue onto bone char may change at different times: (a) fast adsorption of methylene blue in
the first 10 min, (b) a gradual adsorption process (10~40 min) where approximately 10% of methylene
blue is achieved because of the utilization of all active adsorption sites on the surface, macropores, and
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mesopores of bone char, and (c) methylene blue diffuses into pores, and an adsorption equilibrium
is attained. The plot of q vs. t0.5 of the intraparticle region does not go through the original point,
implying that the rate-limiting step contains not only the intraparticle diffusion but also the external
diffusion in which methylene blue migrates from the solution onto the bone char surface (surface
adsorption) [18,39]. The same behavior has been reported in previous papers about the removal of
methylene blue onto Jordanian diatomite [28].

Figure 2e shows that the removal rate of methylene blue decreases with an increase in adsorption
temperature from 273 to 313 K, revealing that the removal process is exothermic in nature [40]. It is
because the highly charged ions (MB+)3 is stabilized at lower temperatures, which may enhance their
ion-pairing interactions with the active adsorption sites on bone char [40]. Figure 2f shows that the
experimental data fit well with the pseudo-second-order kinetic curve because of the goodness of fit
R2 highly closing to 1.

The Freundlich, Langmuir, Temkin, and DKR models were applied to the adsorption isotherm.
Their R2 values are shown in Figure 3. It turns out that the Freundlich isotherm model is the most
relevant adsorption isotherm, with the highest value of R2 (>0.99). The n value in the Freundlich model
was calculated to be 5.368, which showed that this adsorption occurs readily. In addition, Temkin and
DKR models also fit for the adsorption process. The three aforementioned models explain that diffusion
mainly occurs on the bone char surface, and the possible mechanism and the orientations of methylene
blue on the surface of bone char are the same as what occurred on the surface of diatomite [28].

Appl. Sci. 2018, 8, x FOR PEER REVIEW  7 of 10 

orientations of methylene blue on the surface of bone char are the same as what occurred on the 
surface of diatomite [28]. 

 
Figure 3. The adsorption data of methylene blue dye on bone char fitted with (a) Freundlich, (b) 
Langmuir, (c) Temkin, and (d) DKR isotherm models (particle size: 0.50~0.80 mm, T: 303 K, t: 15.5 h). 

Figure 3d shows the plot of lnqe against ε2 corresponding to the removal of methylene blue by 
bone char. The value of E is calculated to be 13.29 kJ mol−1, implying that the adsorption interaction 
between methylene blue and bone char is ion-exchange. In other words, the cationic methylene blue 
takes the place of the acidic hydrogen ions of bone char during the adsorption process. Similar 
conclusions have been reported in other literature [41–44]. 

The calculated thermodynamic parameter values are shown in Table 2. The negative ΔH0 and 
ΔS0 values indicate a moderate exothermic adsorption and decreased chaos at the interface between 
solid and solution phases occurring during the adsorption process. The negative ΔG0 values mean 
that the adsorption process is spontaneous. Furthermore, the slight increase in ΔG0 with an increasing 
temperature implies that the lower temperatures result in more spontaneous adsorption. These 
findings were in accordance with the experimental results in Figure 2e [4,34]. 

Table 2. Thermodynamic parameters of the removal of methylene blue by bone char. 

T (K) Kd (L mol−1) ΔG0 (kJ mol−1) ΔH0 (kJ mol−1) ΔS0 (J mol−1 K−1) 
273 194.58 −11.96   
293 134.36 −11.94 −13.45 −5.36 
313 91.09 −11.74   

Figure 4a shows the reusability of bone char for the removal of methylene blue. The removal 
rates remain at 45% ± 5% during six cycles. The standard deviation of the six data values is 3.18. After 
the fifth cycle, the removal rate still reaches the level of the first cycle. This result indicates that bone 
char has excellent adsorption stability for methylene blue and may become potential novel 
photocatalyst support for the removal of methylene blue. 

R2=0.9864 

R2=0.9941 

R2=0.9886 

R2=0.9385 

Figure 3. The adsorption data of methylene blue dye on bone char fitted with (a) Freundlich,
(b) Langmuir, (c) Temkin, and (d) DKR isotherm models (particle size: 0.50~0.80 mm, T: 303 K,
t: 15.5 h).

Figure 3d shows the plot of lnqe against ε2 corresponding to the removal of methylene blue by
bone char. The value of E is calculated to be 13.29 kJ mol−1, implying that the adsorption interaction
between methylene blue and bone char is ion-exchange. In other words, the cationic methylene
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blue takes the place of the acidic hydrogen ions of bone char during the adsorption process. Similar
conclusions have been reported in other literature [41–44].

The calculated thermodynamic parameter values are shown in Table 2. The negative ∆H0 and
∆S0 values indicate a moderate exothermic adsorption and decreased chaos at the interface between
solid and solution phases occurring during the adsorption process. The negative ∆G0 values mean
that the adsorption process is spontaneous. Furthermore, the slight increase in ∆G0 with an increasing
temperature implies that the lower temperatures result in more spontaneous adsorption. These
findings were in accordance with the experimental results in Figure 2e [4,34].

Table 2. Thermodynamic parameters of the removal of methylene blue by bone char.

T (K) Kd (L mol−1) ∆G0 (kJ mol−1) ∆H0 (kJ mol−1) ∆S0 (J mol−1 K−1)

273 194.58 −11.96
293 134.36 −11.94 −13.45 −5.36
313 91.09 −11.74

Figure 4a shows the reusability of bone char for the removal of methylene blue. The removal rates
remain at 45% ± 5% during six cycles. The standard deviation of the six data values is 3.18. After the
fifth cycle, the removal rate still reaches the level of the first cycle. This result indicates that bone char
has excellent adsorption stability for methylene blue and may become potential novel photocatalyst
support for the removal of methylene blue.
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shown in Figure 4b, exhibiting the characteristic bands coming from PO4

3− ions at 469, 561, 601, 962,
and 1020 cm−1. Peaks at 1632 cm−1 and 3400 cm−1 correspond to a small amount of occluded water
and O-H broad band, respectively. In addition, peaks at approximately 872, 1414, and 1453 cm−1

correspond to the carbonate bands of residual carbon in bone char [45]. The peak positions and
intensities of the bone char samples have not changed, suggesting the reversible adsorption process.

4. Conclusions

In summary, the adsorption behaviors and mechanisms of methylene blue on bone char were
studied. Results showed that the removal rate of methylene blue is highly rapid in the first ten minutes
with eighty percent of adsorption capacity, which mainly relates to the external specific surface area of
bone char. Then, the removal rate slows down and increasingly reaches equilibrium. It was proven
that the adsorption process is internally diffusion-controlled. The removal rates of methylene blue
decrease with an increase in temperature, which suggests that the adsorption process is exothermic.



Appl. Sci. 2018, 8, 1903 9 of 11

The negative ∆G0 values and the R2 closing to 1 shown in Figure 2f demonstrate that the adsorption
process is spontaneous and obeys the pseudo-second-order kinetic model. The adsorption data fit the
Freundlich model very well, showing that the adsorption is single-layer and prone to occurrence. The
adsorption energy value 13.29 kJ mol−1 and reusability data of bone char states that the adsorption of
methylene blue on bone char is a reversible ion-exchange process. This research suggests that bone
char can be developed as a novel, effective, and regenerable adsorbent for supporting photocatalysts
to adsorb methylene blue.
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