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a b s t r a c t

In the production process of blueberry juice, diatomite is generally selected as filter. To utilize waste 
diatomite, high-temperature calcination was applied to treat waste diatomite at 500, 550, 600, 650, and 
700°C. Adsorption capability of calcined products for adsorbing five dyes of crystal violet, methylene 
blue, rhodamine B, eosin Y, and methyl orange was explored. It was found that when calcination 
temperature was above 600°C, organic matter in waste diatomite would be decomposed thoroughly. 
No obvious change was observed in silica phase and the structure of diatom shell was not destroyed. 
Average particle diameter of calcined products was between 40 and 50 μm. Surface ζ potential of 
calcined powders in water was negative. With the increase of calcination temperature, ζ potential 
increased gradually. The larger the ζ potential was, the better the adsorption capability would be. The 
adsorption capability to cationic dyes was stronger than anionic dyes. For crystal violet, methylene 
blue, and rhodamine B, the best adsorption capability was 33.96, 10.08, and 2.04 mg/g, respectively. 
In addition, the greater the solubility parameter of the dye molecule was, the less the amount of dye 
to be adsorbed. A fine trend was observed between solubility parameter and adsorption capability.
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1. Introduction

The textile industry plays a significant role in China’s 
economy, but it produces abundant dye wastewater with 
high concentration. Dye wastewater is a source of indus-
trial pollutants, causing serious threat to water ecosystems. 
According to reports, due to unimproved treatment tech-
nology, 10%–20% colorants are drained from wastewater in 
the dye industry [1,2]. Massive wastewater without effec-
tive treatment that flows into rivers and lakes will cause 
serious pollution to water. Moreover, the wastewater may 
contain organisms that can make water systems poisonous 
and chromatic. Wastewater will also reduce the amount of 
sunlight into water and decrease photosynthesis [3]. Thus, 
this kind of dye wastewater should be treated. At present, 
many methods have been used in treating dye wastewa-
ter, which can generally be divided into physicochemical, 

chemical and biochemical processes [4–6]. The functions 
and effects of these methods are different. Nonetheless, all 
of them have some certain effects on treating dye wastewa-
ter. Adsorption is one of the most applied physicochemi-
cal methods. In recent years, the study of utilizing cheap 
adsorption materials, such as zeolite, fly ash, sawdust, slag, 
and mineral clay among others, to replace the traditional 
activated carbon to treat dye wastewater has attracted 
worldwide attention [7]. In China, diatomite is a rich and 
cheap nature resource, which is expected to be an ideal 
adsorbent because of its porous structure [8–12].

In recent years, with the bloom of blueberry industries 
worldwide, the form of blueberry products is becoming 
more and more various. Juice products occupy substantial 
proportion among the blueberry products. In the produc-
tion and processing of blueberry juice, diatomite is usually 
used as filter aid [13–17]. Thus, the waste blend of diatomite 
and blueberry pomace is produced. With the increase of 
juice processing output, a large amount of blueberry pom-
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ace containing diatomite also appeared. Fruit residue after 
juicing still contains many organic matters, with high mois-
ture content. If exposed in wet air, the residue is oxidized, 
thus generating putrefactive odor and polluting the envi-
ronment. Therefore, the exploration of reusing the waste 
blueberry pomace is a significant work [18].

Although few anthocyanins are found in the blueberry 
pomace, the extraction of the anthocyanin residue is diffi-
cult [19]. Calcination is a simple and cheap method; hence, 
the preparation of adsorption material through calcining 
the waste diatomite containing blueberry pomace will be 
a promising way for the treatment of dye wastewater. In 
this study, the high-temperature calcination method was 
applied to treat the waste diatomite containing blueberry 
pomace at 500, 550, 600, 650, and 700°C. The adsorption 
capability of the calcined products for adsorbing five dyes, 
namely, crystal violet, methylene blue, rhodamine B, eosin 
Y, and methyl orange was explored. Infrared spectroscope, 
X-ray diffractometer, laser particle analyzer, and scanning 
electron microscope were used to characterize the calcined 
products. The adsorption results were discussed with the 
surface acidic property, ζ potential, solubility parameter 
theory, and molecular structure of the dyes.

2. Materials and methods

2.1. Materials

Crystal violet, methylene blue, rhodamine B, eosin Y, 
methyl orange were purchased from Leheng Science and 
Technology Co,. Ltd (Shenyang, China). Natural diatomite 
was produced by Linjiang Changbai Mountain Filter 
Aid Co,. Ltd (Linjiang, China). The waste diatomite was 
obtained from a blend composed of fresh blueberry and 
diatomite with the mass ratio of 10: 1. The blend was used 
to make a kind of blueberry juice in our laboratory.

2.2. Preparation of calcined product

50 g of the waste diatomite was placed in a crucible. The 
beginning temperature in muffle furnace was 100°C. Five 
final calcination temperatures were chosen as 500, 550, 600, 
650 and 700°C, respectively. The temperature increasing 
rate was about 15°C/min.

2.3. Characterization of calcined product

The infrared spectrometer of the calcined products was 
measured with a Spectrum 400 type Fourier transform 
mid infrared-near infrared spectrometer (American PE 
Company, USA). XRD analyses were performed on a D/
Max2200 diffractometer (Rigaku, Japan) with a Cu Kα radi-
ation at 40 kV and 30 mV. The scanning step distance was 
0.02°. The surface morphology of the calcined products was 
observed by JSM–7500F SEM of Japan Electronics Corpo-
ration.

The particle size and specific surface area of the cal-
cined products were determined by Master sizer 2000 
laser particle sizer (Malvern, UK). The sample was first 
soaked with a small amount of 0.5% of (NaPO3)6 solution. 
Then the solution was dispersed under sonication. When 

the sample was dispersed sufficiently, measurement was 
carried out.

2.4. Measurement of adsorption capability of calcined product

The measurement was performed at room temperature. 
The five dyes were prepared into a 10 mg/L solution. 0.50 
g calcined powder was packed into an adsorption column 
with a volume of 20 mL. After wetting the packed powder 
with a small amount of ethanol, the dye solution was fed 
into the column with a peristaltic pump. When the solu-
tion flowed through the packed powder, dye molecules 
were adsorbed by the powder. For different dyes, the entire 
adsorption process lasted about 3–7 h.

The adsorption capability Q (mg/g) of the calcined 
powder to dye is defined as the mass of adsorbed dye by 
one gram of the calcined powder as follows:
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where Cf (mg/L) is the concentration of the filtrated solu-
tion and VCf (mL) is the total volume of filtrated solution 
with a concentration lower than Cf (mg/L). The concentra-
tion of the filtrated solution was measured with a UV-vis 
spectrometer (T6 new century, China).

2.5. Measurement of ζ potential of calcined product

ζ potential is an important parameter used to describe 
the surface characteristic of solid particles. The ζ potential 
of the calcined powder was measured by streaming poten-
tiometry method on a self-made device. KCl solution with 
a concentration of 0.01 mol/L was taken as the media. The 
equation for the calculation of ζ potential is as follows [20].
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where ζ is the zeta potential (mV), ∆P is the pressure dif-
ference (Pa), ∆E is the streaming potential (mV), μ is the 
viscosity coefficient of KCl solution (Pa·s), κ is the conduc-
tivity of KCl solution (S·m−1), ε0 is the absolute permittivity 
of vacuum (F·m−1), and εr is the relative permittivity of KCl 
solution.

3. Results and discussion

3.1. Infrared spectrum analysis of calcined product

Diatomite is a kind of biogenic siliceous sedimentary 
rocks. Its chemical composition is mainly SiO2. The impu-
rity includes Fe2O3 and Al2O3, to name a few [21]. The min-
eral composition of diatomite is mainly opal (SiO2·H2O, also 
called amorphous silica). The associated mineralsare kaolin-
ite, illite, and montmorillonite, among others. The infrared 
spectra of the samples calcined at different temperatures are 
shown in Fig. 1. As shown in Fig. 1, the peak at 1635 cm−1 
is the flexural vibration adsorption peak of water molecule 
and 3426 cm−1 is the stretching vibration peak of hydroxyl of 
water molecule [22]. Three strong adsorption peaks appear 
at 462, 798, and 1098 cm−1 which belong to the vibration 
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peaks of Si–O groups in opal [23,24]. This finding means 
that the main phase of the calcined products is amorphous 
opal. The peaks at 2852 and 2925 cm−1 belong to the long 
alkyl groups of the residue organic matter in the calcined 
products [25]. When the calcination temperature is above 
600°C, the strength of the characteristic peaks of organic 
matter decreases until the peaks disappear.

3.2. X-ray diffraction pattern analysis of calcined product

The XRD spectra of different calcined products are 
shown in Fig. 2. The position of the main diffraction peak 
of the diatomite is the same as reported in the literature 
[26]. The diffraction peaks of quartz and anorthite appear 
at 500°C. When the calcination temperature reached 
700°C, the position of the main diffraction peaks does not 
change, which means that no obvious change is observed 
in the silica phase and the structure of diatom shell was 
not destroyed.

Fig. 1. FT-IR spectra of waste diatomite calcinated at different 
temperatures.

Fig. 2. XRD patterns of waste diatomite calcinated at different 
temperatures.

Fig. 3. Particle size distribution of waste diatomite calcinated at different temperatures.

Fig. 4. Specific surface area of waste diatomite calcinated at dif-
ferent temperatures.
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3.3. Particle size and specific surface area of calcined product

The particle size distribution of different calcined prod-
ucts is shown in Fig. 3. The average particle diameter of the 
calcined powders was between 40 μm and 50 μm. When the 
calcination temperature was increased from 500°C to 700°C, 
the average particle diameter slightly decreased because 
the coarse particles were destroyed by thermal decompo-
sition under high temperature. The specific surface area of 
different calcined products is shown in Fig. 4. As shown in 
Fig. 4, the specific surface area increases with the rise of the 
temperature. Blended organic matter was decomposed at 
high temperature; hence, more pores would form in the cal-
cined powder.

3.4. Morphology analysis of calcined products

The SEM photographs of un-calcinated sample, includ-
ing two products calcined at 500°C and 700°C are shown 
in Fig. 5. As shown in the figure, no obvious morphology 
change is observed for the three samples. When the calcina-
tion temperature reached 700°C, the shape of the disk shell 
is still clear and complete. This finding also means that the 
diatom shell did not melt.

3.5. Adsorption capability of calcined product to five dyes

Fig. 6 shows the plots of the adsorption capability of 
waste diatomite versus the calcination temperature. As 
shown in Fig. 6a, with the increase of calcination tempera-
ture, the adsorption capability of calcined products to the 
three dyes decreased gradually. The adsorption capability 
of calcined products to crystal violet was greater than that 
of methylene blue, and the adsorption capability of the 
calcined products to rhodamine B was the weakest. Fig. 
6b shows the adsorption capability to eosin Y and methyl 
orange. As shown in Fig. 6b, the adsorption capability of the 
calcined products to eosin Y and methyl orange was best at 
a calcination temperature of 600°C and 650°C, respectively. 
The adsorption capability of the calcined products to eosin 
Y was greater than that of methyl orange. However, com-
pared with Fig. 6a, the adsorption capability of the calcined 
products to both was poor.

According to the study of Yuan et al., there were no 
acid sites in the un-calcinated diatomite [27]. After calci-
nation, acid sites would appear at the surface of the calci-
nated diatomite and the maximum quantity of acid sites 
would reach at 650ºC [27]. In this work, the five dyes can be 
divided into two categories according to the charge type of 

Fig. 5. SEM images of waste diatomite calcinated at different temperatures. (a) un-calcinated, (b) 500°C, (c) 700°C.

Fig. 6. Adsorption capability of waste diatomite calcinated at different temperatures. (a) crystal violet, methylene blue, rhodamine 
B. (b) eosin Y, methyl orange.
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their main body as shown in Table 1. Crystal violet, meth-
ylene blue, and rhodamine B are the cationic dyes. Eosin Y 
and methyl orange are the anionic dyes.

The acid sites will repel the dyes with positive charge. 
Therefore, for the three dyes of crystal violet, methy-
lene blue and rhodamine B, their adsorption capability 
decreased with the increase of calcination temperature 
due to the quantity of acid sites of the calcinated diatomite 
increased with the calcination temperature.

3.6. ζ potential of calcined product

The ζ potential of the calcined products at different 
calcination temperatures was calculated by Eq. (2), and 
the results are shown in Fig. 7. As shown in Fig. 7, with 
the increase of the calcination temperature, the ζ poten-
tial increased gradually. The increase trend of ζ potential 
versus calcination temperature is also in agreement with 
the increasing acid sites as found by Yuan et al. [27]. Con-
sidering the effects of crystal violet, methylene blue and 
rhodamine B ionized to cationic ions in solution, and the 
surface of the calcined powder was electronegative, the 
calcined powder was apt to adsorb the cationic dyes, such 
as crystal violet, methylene blue, and rhodamine B (as 
shown in Fig. 6).

The comparison of adsorption capabilities with other 
seven adsorbents reported in literatures are listed in Table 2. 
It shows that for adsorbing methylene blue and crystal 
violet, the adsorption capabilities of the calcined waste 
diatomite prepared in this work are stronger than the other 
adsorbents.

3.7. Relationship between adsorption capability and Hansen 
solubility parameter of dyes

Solubility parameter δ is a physical constant, which can 
be used to estimate the interaction strength between two 
phases. It is defined as the square of cohesive energy den-
sity. The total solubility parameter δ includes three parts:

δ δ δ δ2 2 2 2= + +d p h  (3)

where δd, δp, and δh are the dispersion solubility parameter, 
polar solubility parameter, and hydrogen bonding solubil-
ity parameter, respectively. The solubility parameters of the 
five dyes could be calculated from the data listed in Han-
sen’s handbook [33] and are listed in Table 3.

Table 1
Classification of five dyes

Name Structure Classification 
according to the 
electric charge of 
main body

Crystal violet Cationic dye

Methylene blue Cationic dye

Rhodamine B Cationic dye

Methyl orange Anionic dye

Eosin Y Anionic dye

Fig. 7. ζ potential of waste diatomite calcinated at different tem-
peratures.

Table 2
Comparison of adsorption results with other literatures

Adsorbent Dye

Methylene 
blue

Crystal 
violet

Ultra-fine fly ash based adsorbent [28] 0.83 mg/g –
Supersiliceous zeolite ZSM-5 [29] 6.08 mg/g –
Halloysite nanotubes modified with 
silane coupling agent [30]

8.91 mg/g –

Banana peel powder [31] – 11.79 mg/g
Kaolin modified with iron salt [32] – 17.32 mg/g
Diatomite/nano titanium silicalite [33] – 20.13 mg/g
Camellia oleifera shell [34] – 26.93 mg/g
Calcined waste diatomite in this work 10.08 mg/g 33.96 mg/g
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Fig. 8 shows the plot of adsorption capability versus the 
total solubility parameters of five dyes for the powder cal-
cined at 500°C. As shown in Fig. 8, the greater the solubility 
parameter of the dye molecule was, the less the amount of 
dye to be adsorbed. A fine trend is observed between the 
solubility parameter and adsorption capability for the five 
dyes.

4. Conclusion

When the calcination temperature was above 600°C, 
the organic matter in the waste diatomite would be 
decomposed thoroughly. For the waste diatomite cal-
cined between 500°C and 700°C, no obvious change was 
observed in the silica phase and the structure of diatom 
shell was not destroyed. The average particle diameter 
of the calcined products was between 40 μm and 50 μm. 
When the calcination temperature was increased from 
500°C to 700°C, the average particle diameter of the cal-
cined products slightly decreased and the specific surface 
area was increased. The surface ζ potential of the calcined 
powders in water was negative. With the increase of the 
calcination temperature, the ζ potential increased gradu-
ally. The larger the ζ potential was, the better the adsorp-
tion capability of the calcined products to the dyes would 
be. Crystal violet, methylene blue, and rhodamine B were 
the cationic dyes. Eosin Y and methyl orange were the 

anionic dyes. The adsorption capability of the calcined 
products to the cationic dyes was stronger than that of 
the anionic dyes. The best adsorption capability of the 
calcined product was obtained at 500°C. For crystal vio-
let, methylene blue, and rhodamine B, the best adsorption 
capability was 33.96, 10.08, and 2.04 mg/g, respectively. In 
addition, the greater the solubility parameter of the dye 
molecule was, the less the amount of dye to be adsorbed. A 
fine trend was observed between solubility parameter and 
adsorption capability for the five dyes.
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