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a b s t r a c t
In the present work, conventional and ultrasound-assisted bioaccumulation of direct azo dye 
Indosol Black NF-1200 (IB) by active kefir biomass was investigated. The kefir biomass was 
characterised by scanning electron microscopy, Fourier transform infrared spectroscopy and 
Brunauer–Emmett–Teller analyses. Batch mode experiments were carried out to study the effect of 
experimental factors such as pH, initial dye concentration and temperature on IB dye bioaccumu-
lation. Both in conventional and ultrasound-assisted bioaccumulation the dye removal percentage 
increased with the decrease in pH and initial dye concentration and with the increase in temperature. 
Higher dye removal efficiencies were achieved, and the equilibrium times significantly decreased 
in bioaccumulation processes assisted by ultrasound. The enhancement effect of ultrasound was 
more significant at high pHs, high dye concentrations and low temperatures. Dye removals of 73% 
and 96% were obtained at pH 2, 25°C and 50 mg L–1 initial dye concentration for conventional and 
ultrasound-assisted bioaccumulation in which the equilibrium was reached within 180 and 30 min, 
respectively. The kinetic data fitted well with pseudo-first-order and pseudo-second-order kinetic 
models for conventional and ultrasound-assisted bioaccumulation, respectively. Equilibrium data 
of both processes fitted well with the Langmuir isotherm model. Ultrasound-assisted bioaccu-
mulation of a dye was investigated for the first time in this study. The results reveal that ultra-
sound can be used as a powerful option for the improvement of bioaccumulation processes and 
showed that kefir biomass could be used effectively for the removal of direct dyes.
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1. Introduction

Dyes are chemical compounds that are extensively used 
in the textile, leather, paper, pharmaceutical, food and cos-
metic industries to colour products. They are extremely sta-
ble and difficult to degrade in nature as they are designed 
to withstand fading when subjected to water, heat, light and 
oxidizing agents [1–3]. Even in very small amounts (<1 ppm), 
the existence of synthetic dyes in water bodies is highly vis-
ible. The release of dye effluents into the environment is not 
solely a matter of concern for aesthetic reasons. It has been 
reported that many dyes and their degradation products 

are toxic, mutagenic or carcinogenic and thus harmful to 
human health and the environment [2,4,5].

Various physical, chemical and biological methods are 
available for the removal of dyes from effluents. Among 
them, adsorption is one of the most efficient because of the 
process yield, high selectivity and cost-effectiveness [6–8]. 
In recent years, much attention has been devoted to the 
investigation of low-cost, eco-friendly adsorbents derived 
from biological organisms and several fungi, algae, yeasts 
and bacteria have been reported as potential bioadsorbents 
for dye removal [9–12].
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Sonication has been widely used in the production stage 
of adsorbents and as a pre-treatment to increase the surface 
area and porosity of the adsorbents [13–15]. Also, ultra-
sound has been applied simultaneously with adsorption to 
enhance the process efficiency in numerous studies as ultra-
sonic radiation leads to acceleration in reaction and mass 
transfer rates because of the acoustic cavitation that covers 
the creation, growth, and collapse of microbubbles [16–19].

Kefir grains are small, irregularly shaped white or 
yellow masses that consist of various lactic acid bacteria, 
acetic acid bacteria and yeasts that are used as starter cul-
tures in the fermentation of milk to produce probiotic kefir 
drinks [20,21]. Kefir grains (kefir biomass) were used in 
reactive dye removal for the first time in a recent study by 
Erdoğdular and Apar [22]. The results of that study indi-
cate that kefir biomass has great potential as an economical, 
eco-friendly and reusable bioadsorbent for reactive dyes. 
Consequently, in the present work, we aimed to investigate 
the effectiveness of active kefir biomass in the removal of a 
direct azo dye (Indosol Black NF-1200) and the enhancement 
of the dye removal efficiency of the biomass with the assis-
tance of ultrasound. The present work is the first study in 
the literature in which the bioaccumulation of a dye under 
sonication is investigated.

2. Materials and methods

2.1. Dyestuff

Direct azo dye Indosol Black NF-1200 (Direct Black 22) 
was supplied by Clariant Co., (Kocaeli, Turkey). The molec-
ular structure and properties of the Indosol Black NF-1200 
dye are shown in Table 1.

2.2. Kefir grains and propagation

The starter culture of kefir grains was supplied by Ege 
University, Dairy Technology Department (Izmir, Turkey). 
Kefir grains were cultured in whey solution to increase 
the kefir biomass. The whey solution was prepared to con-
tain 5% lactose (since the milk that is the natural culturing 
medium for kefir grains consists of 5% lactose) by dissolv-
ing whey powder in distilled water. Whey powder was 
supplied by Maybi Co., (Tekirdağ, Turkey). Throughout the 
study, the culture medium was refreshed daily.

2.3. Characterisation of kefir biomass

The isoelectric point of kefir grains was determined by 
measuring the zeta potentials of the samples at various pHs 
using a Zetasizer (Malvern Nano ZS MPT2). The surface 
morphology of the biomass samples was examined with a 
scanning electron microscope (Zeiss EVO LS 10). Fourier 
transform infrared spectroscopy (FTIR) analyses were car-
ried out using Fourier transform infrared spectroscopy 
(PerkinElmer Spectrum 100). The surface area and the pore 
size distribution of the samples were determined by the N2 
adsorption–desorption method using a Brunauer–Emmett–
Teller surface analyser (Quantachrome – Quadrasorb 
SI). Adsorption–desorption isotherms were measured at 
77 K. To remove moisture content on the sample surface, 
all samples were degassed at 40°C for 12 h before analysis.

Before all analyses, kefir samples were dried at 45°C for 24 h.

2.4. Bioaccumulation experiments

Conventional and ultrasound-assisted bioaccumu-
lation experiments were conducted simultaneously in 
batch mode to investigate the effects of different param-
eters such as initial pH (2–10), temperature (25°C–40°C) 
and initial dye concentration (50–400 mg L–1) on Indosol 
Black NF-1200 (IB) dye bioaccumulation. The effects of all 
these parameters on dye bioaccumulation were investi-
gated regarding time. For each pair of experiments (ultra-
sound-assisted and conventional), 100 mL of dye solutions 
at certain concentrations (100 mg L–1 for pH and tempera-
ture experiments and 50, 100, 200, 300 and 400 mg L–1 
for initial dye concentration experiments) were taken in 
250 mL Erlenmeyer flasks. The pH values of the solutions 
were adjusted (by 0.5 M HCl and 0.5 M NaOH solutions), 
heated to the desired temperature and then the dye removal 
processes were begun with the addition of kefir biomass. 
During treatments, one of the flasks was kept in a tempera-
ture-controlled shaker (IKA, KS 4000i) and the other in an 
ultrasonic bath (Alex-Machine). The temperature of the 
ultrasonic bath was monitored using a digital thermocou-
ple and kept constant by circulating ethylene glycol-water 
solution within a coil immersed in the bath. Throughout 
the experiments, samples were taken from the solutions 
at specified times to determine the dye concentration. 

Table 1
Molecular structure and properties of Indosol Black NF-1200

Name
Indosol Black NF-1200, 
Direct Black 22,
C.I.  Direct Black,
C.I. 35435

Molecular structure

Molecular formula
C44H32N13Na3O11S3

Molecular weight
1,083.87 g mol–1
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Sample absorbances were measured at 492 nm (λmax of 
IB dye) using a UV-Vis spectrophotometer (Analytik 
Jena SPECORD 200) and converted to the concentration 
values using the constructed calibration curve for the dye.

Dye removal percentage and the bioaccumulation 
capacity (qt, mg g–1) were calculated according to Eqs. (1) 
and (2):
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In Eqs. (1) and (2), C0 (mg L–1) is the initial dye concen-
tration, Ct (mg L–1) is the dye concentration at the process-
ing time t (min), V (L) is the solution volume and M (g) is 
the dry weight of the kefir biomass.

2.5. Bioaccumulation kinetics

Kinetic data were analysed using pseudo-first-order 
[Eq. (3)], pseudo-second-order [Eq. (4)], intraparticle dif-
fusion [Eq. (5)] and Elovich [Eq. (6)] kinetic models to 
investigate the mechanism of bioaccumulation processes.
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In Eqs. (3)–(6), qe (mg g–1) and qt (mg g–1) are the adsorbed 
dye amounts per unit mass of kefir biomass at equilib-
rium and at time t (min), k1 (min–1), k2 (g mg–1 min–1) and kp 
(mg g–1 min–1/2) are pseudo-first-order, pseudo-second-order 
and intraparticle diffusion rate constants, C (mg g–1) is intra-
particle diffusion model constant, α (mg g–1 min–1) is the ini-
tial rate of adsorption, and β (g mg–1) is desorption constant.

2.6. Equilibrium modelling

The equilibrium data were evaluated using Freundlich 
[Eq. (7)], Langmuir [Eq. (8)], and Temkin [Eq. (9)] isotherm 
models.
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In Eqs. (7)–(9), qe (mg g–1) is adsorbed dye amount per 
unit mass of kefir biomass at equilibrium, qm (mg g–1) is 
maximum adsorption capacity, Ce (mg L–1) is equilibrium 
dye concentration, and KF (mg g–1 (mg L–1)–1/n), KL (L mg–1), 
and KT (L mg–1) are Freundlich, Langmuir and Temkin con-
stants, respectively, R (J mol–1 K–1) is the gas constant, T 
(K) is temperature and bT (J mol–1) is the isotherm constant 
related to heat of adsorption.

3. Results and discussion

3.1. Kefir biomass characterisation

The isoelectric point or the point of zero charge (PZC) is 
the pH value for which the net surface charge of the adsor-
bent is zero. The PZC of the kefir biomass was determined 
as pH 4.46. This result suggests that at pHs < 4.46, the kefir 
biomass surface would be positively charged while at pHs > 
4.46 the kefir biomass surface would be negatively charged.

Scanning electron microscopy (SEM) was used to 
illustrate the surface morphology of the kefir biomass 
before and after the bioaccumulation processes. Fig. 1a 
shows the morphology of the biomass before the bioac-
cumulation process. As seen from the micrograph, the 
surface of the kefir biomass is rough, uneven (typically 
asymmetrical) and highly porous. It is evident that the 
biomass contains many mesopores. The surface mor-
phology of the biomass after ultrasound-assisted and 
conventional bioaccumulation processes is illustrated in 
Figs. 1b and c. As seen from these micrographs, the sur-
face has become less rough since the dye molecules are 
diffused over pore cavities and cover the biomass surface.

FTIR analysis was performed to identify the functional 
groups present in the structure of kefir biomass before and 
after the bioaccumulation process. A FTIR spectrum was 
also obtained for the dye for comparison. All FTIR spectra 
are presented in Fig. 2. The kefir biomass showed char-
acteristic peaks at 3,268; 2,923; 2,853; 1,630; 1,542; 1,413; 
1,240; 1,118 and 871 cm–1. The peak at 3,268 cm–1 is asso-
ciated with the hydroxyl groups. The peaks at 2,923 and 
2,853 cm–1 are indicative of C–H stretching vibrations. The 
peaks at 1,630 and 1,542 cm–1 are attributed to the C=O 
stretching that is characteristic of polysaccharides and the 
observed peaks at 1,413; 1,240 and 1,118 cm–1 are related to 
C–O–C and C–C stretching vibrations. The peak at 871 cm–1 
is indicative of b-configuration and the vibration modes 
of glucose and galactose (Fig. 2a) [23–25]. The FTIR spec-
trum of the dye showed specific peaks at 3,330 cm–1 for 
O–H stretching, 2,925 cm–1 for aromatic C–H stretching, 
1,590 cm–1 for N=N stretching vibrations and 1,470 cm–1 
for aromatic ring stretching. The region between 1,354 
and 706 cm–1 represents the characteristic bands of sul-
fonate groups (Fig. 2c) [26,27]. The FTIR spectrum of the 
kefir grains loaded with IB dye (Fig. 2b) displayed some 
changes caused by the adsorption of dye. The intensities of 
the peaks increased as a result of the interactions between 
the biomass functional groups and dye molecules. Also, 
the peaks at 3,268; 1,630; 1,542; 1,413 and 1,240 cm–1 shifted 
to 3,282; 1,637; 1,541; 1,375 and 1,235 cm–1, respectively.

The N2 adsorption isotherm and pore size distribution of 
kefir biomass and ultrasound treated kefir biomass samples 
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Fig. 2. FTIR spectra for: (a) kefir biomass before bioaccumulation, (b) IB dye, and (c) kefir biomass after bioaccumulation.

(a) 

 

(b)                                                                   (c) 

  

Fig. 1. SEM pictures of kefir biomass before (a) and after ultrasound-assisted (b) and conventional (c) bioaccumulation processes.
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are shown in Figs. 3a and b and the related surface area and 
porosity information is given in Table 2. As seen in Table 2, 
the results obtained for the two samples do not differ sig-
nificantly. The pore size distributions (Figs. 3a and b) show 
that the kefir biomass samples mainly contain mesopores 
(2.5 nm < pore diameter < 50 nm). In this study, the surface 
area measurements were conducted on oven-dried samples. 
kefir biomass shrinks when it is dried as about 90% of the 
content of biomass is water. Therefore, the actual values of 
the surface area and pore volume of the samples would be 
higher than the measured results.

3.2. Effect of initial pH

One of the most significant parameters in adsorption is 
the initial pH of the adsorbate solution as it can influence 
the ionisation degree of the adsorbate molecules, the surface 
charge of the adsorbent and the extent of decomposition of 
functional groups on the active zones of the adsorbent [28,29].

The effect of initial pH on ultrasound-assisted and 
conventional bioaccumulation of IB by kefir biomass was 
investigated for a pH range between 2 and 10, at 100 mg L–1 
initial dye concentration and 25°C with the addition of 
2.4 g L–1 kefir biomass. The results are illustrated in Fig. 4. 
Maximum dye removal percentages for ultrasonic-assisted 
and conventional processes were obtained at pH 2 as 82.1% 
and 41.4%, respectively. In both processes, dye removal 
decreased significantly with the increase in pH. This result 
is associated with the electrostatic interaction between 
the dye molecules and the biomass surface. As the PZC 
of kefir biomass is 4.46, the biomass surface is positively 
charged below pH 4.46 and negatively charged above pH 
4.46. Accordingly, as the pH increases the number of pro-
tonated groups on the biomass surface decreases thus the 
attraction and adsorption of the anionic dye decreases.

With the ultrasound-assisted method, higher dye removal 
efficiencies were obtained at all pH values compared to the 

conventional method. However, as seen in Fig. 4, the enhance-
ment effect of ultrasound is greater, especially at high pHs. 
The enhancement of bioaccumulation, considering the dye 
removal percentages in ultrasound- assisted and conventional 
processes, was 98% and 246% at pH 2 and pH 10, respectively.

Ultrasound has been applied simultaneously with 
adsorption to enhance the process efficiency in numerous 
works. Ultrasonic irradiation leads to acceleration in reac-
tion and mass transfer rates because of acoustic cavitation. 
Cavitation covers the generation and subsequent growth 
and collapse of microbubbles leading to high energy den-
sities and high local temperatures and pressures for a 
short time. Mass transfer in adsorption is limited by the 
diffusion- convection step in the process. The mass transfer 

 

Fig. 3. Brunauer–Emmett–Teller surface area and pore size distri-
bution analyses of (a) untreated kefir biomass and (b) ultrasound 
treated kefir biomass.

Table 2
Surface area and porosity of kefir biomass

Brunauer–Emmett–
Teller area (m2 g–1)

Average pore diameter (BJH) (nm) Cumulative pore volume (BJH) (cm3 g–1)

Adsorption Desorption Adsorption Desorption

Untreated biomass 2.79 3.16 3.067 5.46 × 10–3 4.85 × 10–3

Ultrasound treated biomass 2.97 3.16 3.42 4.66 × 10–3 3.75 × 10–3

Table 3
Minimum values of the determination coefficients for the kinetic 
models

Kinetic model Ultrasound- 
assisted 
bioaccumulation

Conventional 
bioaccumulation

Pseudo-first-order R2 > 0.97 R2 > 0.98
Pseudo-second-order R2 > 0.99 R2 > 0.90
Intraparticle diffusion R2 > 0.80 R2 > 0.97
Elovich R2 > 0.83 R2 > 0.96
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resistance can be eliminated by increasing the convection 
in the medium. Simply put, ultrasound power creates con-
vection through acoustic waves [16–19]. Consequently, 
ultrasound-assisted adsorption compared to conventional 
adsorption processes could lead to faster equilibrium that 
significantly reduces the contact time. Also, it is recognised 
that low-frequency ultrasound is effective in enhancing cell 
membrane permeability [30,31]. In this study, the improve-
ment in dye uptake with the assistance of ultrasound can 
be explained by the increase in cell membrane permea-
bility and mass transfer rate because of sonic cavitation, 
bubble expansion and collapse, as well as shock waves 
and the thermal effects of ultrasound.

3.3. Effect of temperature

The effect of temperature on bioaccumulation processes 
was investigated in the range of 25°C–40°C at fixed initial 
pH (pH2), initial dye concentration (100 mg L–1) and kefir 
grain dosage (2.4 g L–1). The results are presented in Fig. 5.

The removal of IB dye increased with increasing tem-
peratures in both processes, which indicates that the bioaccu-
mulation processes are endothermic. When the temperature 

increased from 25°C to 40°C, the dye removal percentage 
and bioaccumulation capacity values increased from 82.1% 
to 98.9% and from 34.1 to 41.2 mg g–1, respectively in the 
ultrasound-assisted process and from 41.4% to 80.5% and 
from 17.2 to 33.6 mg g–1, respectively in the conventional 
process. At all temperatures, higher dye removal efficien-
cies were achieved with the ultrasound-assisted process 
compared to the conventional one. The results show that 
the difference between the efficiencies of the two processes 
increased as temperature decreased so indicating that the 
improvement and enhancement of the bioaccumulation by 
ultrasound is more significant especially at lower tempera-
tures. With the assistance of ultrasound, the enhancement in 
bioaccumulation is 98% and 23% at 25°C and 40°C respec-
tively. This improvement can be explained by the increase 
in cell membrane permeability and mass transfer rate as 
a result of the mechanical and thermal effects of ultrasound.

3.4. Effect of initial dye concentration

Initial adsorbate concentration is a significant param-
eter in adsorption since the concentration gradient acts as 
a driving force to overcome the resistance of mass transfer 
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between the liquid and solid phases in the diffusion of adsor-
bate molecules from solution to the adsorbent surface. The 
effect of initial dye concentration on ultrasound-assisted 
and conventional bioaccumulation of IB by kefir biomass 
was investigated in a 50–400 mg L–1 dye concentration 
range at pH 2 and 25°C with the addition of 2.4 g L–1 kefir 
biomass. The results are illustrated in Fig. 6.

Bioaccumulation capacities increased with the increase 
in initial dye concentration while dye removal percent-
ages decreased. In 240 min processing times the maximum 
bioaccumulation capacity was achieved at 400 mg L–1 dye 
concentration as 107.4 mg g–1 for ultrasound-assisted bio-
accumulation and 52.3 mg g–1 for the conventional bioac-
cumulation process. At high dye concentrations, the dye 
removal percentage decreases due to nearly all the bind-
ing sites on the biomass surface being filled. Conversely, 
at low dye concentrations, the dye removal percentage is 
high due to the free binding sites on the biomass surface.

With the application of ultrasound, the higher removal 
efficiencies and decreasing processing times to reach equi-
librium clearly show the enhancement effect of ultrasound 
on bioaccumulation. As seen in Fig. 6, the enhancement in 
bioaccumulation by ultrasound is especially noticeable at 
higher dye concentrations. With the assistance of ultrasound, 
the improvement of bioaccumulation is 32% and 106% 
at 50 and 400 mg L–1 initial dye concentrations, respectively.

3.5. Spectral analysis of decolourisation

The removal of dyes by living biomass may be due 
to bioaccumulation and/or biodegradation. In the case 
of bioaccumulation of dyes, the comparison of the main 
peaks obtained from UV-Vis spectral scanning of the dye 
solutions before and after treatment shows a decrease in 
proportion to each other. However, in the case of biodeg-
radation, the major peaks decrease sharply or disappear, 
and new peaks may be observed due to new metabolites 
emerging after degradation [32]. UV-Vis spectral analy-
sis of IB dye solutions before and after 60 min of bioaccu-
mulation processes is shown in Fig. 7. As seen from the 
figure, the untreated IB dye solution has a main peak at 
500 nm in the visible region. This peak is found to decrease 
gradually after the conventional and ultrasound-as-
sisted methods. No new peak formation was observed. 
These results indicate that in both methods the removal 
of azo dye IB was mainly achieved by bioaccumulation.

3.6. Bioaccumulation kinetics

The kinetic data presented in Figs. 4–6 were anal-
ysed using pseudo-first-order [Eq. (3)], pseudo-second- 
order [Eq. (4)], intraparticle diffusion [Eq. (5)] and Elovich 
[Eq. (6)] kinetic models. All tested models showed good 
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compatibility with the experimental data. The minimum 
values of the determination coefficients for the models are 
summarised in Table 3.

Even though all models provided good fitness to 
experimental data, after evaluating all the data it was 
determined that the pseudo-second-order kinetic model 
provided the best fits to ultrasound-assisted bioaccumu-
lation data, while the pseudo-first-order kinetic model 
provided the best fits to conventional bioaccumulation 
data. The constants and statistical data obtained for the 
pseudo-first and second-order kinetic models are given in 
Table 4. The fitness of the models is also shown in Figs. 4–6 
(in the figures the solid lines represent the models).

Good fitness of more than one model to the experimen-
tal data indicates that the bioaccumulation of IB by kefir 
biomass is complex and may include several mechanisms. 
The good compatibility of the experimental data with the 
pseudo-first and pseudo-second-order kinetic models indi-
cates that the occupation rate of sorption sites is propor-
tional to the available active regions on the biomass surface. 
As compared to the other models, the low fitness of the 
experimental data to the intraparticle diffusion model and 
the determined C coefficients for the models that have non-
zero values indicate that the intraparticle diffusion is not 

the rate-controlling step in bioaccumulation processes and 
the kinetics of bioaccumulation may be controlled by two 
or more mechanisms. On the other hand, the good fitness 
of the experimental data with the Elovich kinetic suggests 
that chemisorption may also be a controlling step in bioac-
cumulation processes.

3.7. Equilibrium modelling

Adsorption isotherms are employed to explain the 
interaction between adsorbate and adsorbent at equilib-
rium conditions, as well as the adsorption mechanism. 
In this study, the equilibrium data were evaluated with 
Freundlich, Langmuir and Temkin isotherm models. The 
obtained model constants and R2 values are given in Table 5.

As seen in Table 5, all models displayed high confor-
mity with equilibrium data. However, based on the values 
of coefficient of determination (R2), it could be concluded 
that the adsorption isotherm of IB dye by kefir biomass is 
better defined by the Langmuir model than the Temkin 
and Freundlich models both for conventional and ultra-
sound-assisted bioaccumulation. The conformity of the 
Langmuir model to experimental data is shown graphically 
in Fig. 8.
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The high compatibility of the Langmuir model with 
experimental data designates monolayer IB dye adsorp-
tion on homogeneous biomass surfaces. As can be seen 
from Table 5, the model revealed that the maximum bio-
accumulation capacities are 86.5 and 102.3 mg g–1 for the 
conventional method and the ultrasound-assisted method, 
respectively. The good fitness of the Freundlich model to 
the experimental data displays multilayer heterogeneous 
adsorption sites. The sorption intensity (n) values of the 
model are within the range of 1–10 indicating favourable 
adsorption [33]. The good conformity of the Temkin model 
with experimental data suggests that the heat of adsorption 
of the molecules in the layer linearly decreases with coating. 

The bT (heat of adsorption) values obtained from the model 
are 165 and 100 J mol–1 for conventional and ultrasound- 
assisted processes, suggesting that the uptake of IB dye in 
both processes was by physisorption [34].

4. Conclusion

Conventional and ultrasound-assisted bioaccumula-
tion of direct azo dye Indosol Black NF-1200 by kefir bio-
mass was investigated under different process conditions. 
The bioaccumulation of the dye was influenced by the pH 
of the solution, initial dye concentration and temperature. 
In all conditions with the assistance of ultrasound, higher 

Table 4
Constants and statistical data for the pseudo-first and second-order kinetic models

Conventional bioaccumulation/
pseudo-first-order kinetic model

Ultrasound-assisted bioaccumulation/
pseudo-second-order kinetic model

pH k1 (min–1) qe (mg g–1) s R2 k2 (g mg–1 min–1) qe (mg g–1) s R2

pH 2 0.0211 23.44 0.52 0.99 0.0034 38.46 0.02 0.99
pH 3 0.0177 21.47 0.50 0.99 0.0032 35.71 0.02 0.99
pH 4 0.0230 15.99 0.27 0.99 0.0017 37.04 0.05 0.99
pH 6 0.0179 15.12 0.30 0.99 0.0020 33.33 0.04 0.99
pH 8 0.0124 16.39 0.13 0.99 0.0019 31.25 0.11 0.99
pH 10 0.0109 13.92 0.26 0.99 0.0017 30.30 0.12 0.99

Dye concentration

50 mg L–1 0.0232 13.85 0.91 0.98 0.0088 20.41 0.06 0.99
100 mg L–1 0.0140 28.70 1.04 0.99 0.0025 39.99 0.06 0.99
200 mg L–1 0.0092 47.33 2.10 0.99 0.0009 76.92 0.03 0.99
300 mg L–1 0.0092 52.02 2.64 0.99 0.0003 111.1 0.07 0.99
400 mg L–1 0.0091 55.92 3.40 0.98 0.0002 125.0 0.08 0.99

Temperature

25°C 0.0211 23.44 0.52 0.99 0.0034 38.46 0.02 0.99
30°C 0.0285 23.53 1.26 0.99 0.0059 41.67 0.04 0.99
35°C 0.0482 28.98 0.67 0.99 0.0070 42.58 0.03 0.99
40°C 0.0787 32.98 1.15 0.99 0.0083 43.54 0.03 0.99

Table 5
Constants and statistical data for the isotherm models

Model Ultrasound-assited bioaccumulation Conventional bioaccumulation

Freundlich

KF (mg g–1 (mg L–1)–1/n) 22.15 4.63
n 2.40 2.11
s 0.16 0.24
R2 0.98 0.94

Langmuir

KL (L mg–1) 0.24 0.012
qm (mg g–1) 102.25 86.51
s 0.0034 0.0052
R2 0.99 0.99

Temkin

KT (L mg–1) 1.80 0.19
bT (J mol–1) 100.83 165.12
s 8.96 4.29
R2 0.98 0.98
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dye removal efficiencies were achieved, and the equilibrium 
times significantly decreased. However, the results show 
that the enhancement effect of ultrasound is more signifi-
cant at high pHs, high dye concentrations and low tempera-
tures. The kinetics of dye removal by ultrasound-assisted 
and conventional bioaccumulation were best described 
with pseudo-second-order and pseudo-first-order models, 
respectively. Equilibrium data were best described by the 
Langmuir isotherm model that gives maximum bioaccu-
mulation capacities of 86.5 and 102.3 mg g–1 for the conven-
tional and ultrasound-assisted methods. The results of this 
study demonstrate that the kefir biomass can be used effec-
tively for the removal of direct azo dyes, and ultrasound is 
a powerful option for the improvement of bioaccumulation 
processes.

Acknowledgements

This work was supported by Research Fund of the Yildiz 
Technical University (FBA-2019–3709).

Symbols

bT —  Temkin isotherm constant related to the heat of 
adsorption, J mol–1

C — Intraparticle diffusion model constant, mg g–1

Ce — Equilibrium dye concentration, mg L–1

C0 — Initial dye concentration, mg L–1

Ct — Dye concentrations at processing time t, mg L–1

k1 — Pseudo-first-order rate constant, min–1

k2 — Pseudo-second-order rate constant, g mg–1 min–1

kp — Intraparticle diffusion rate constant, mg g–1 min–1/2

KF — Freundlich constant, mg g–1 (mg L–1)–1/n

KL — Langmuir constant, L mg–1

KT — Temkin constant, L mg–1

n–1 — Freundlich constant related to adsorption intensity, –
M — Kefir biomass weight, g
qe —  Adsorbed dye amount per unit mass of kefir 

biomass at equilibrium, mg g–1

qm — Maximum adsorption capacity, mg g–1

qt —  Adsorbed dye amount per unit mass of kefir 
biomass at time t, mg g–1

R — Universal gas constant, J mol–1 K–1

R2 — Coefficient of determination, –
s — Standard error, –
t — Time, min
T — Temperature, K
V — Volume, L

Greek symbols

α — Initial adsorption rate, mg g–1 min–1

β — Desorption constant, g mg–1
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