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Ultrasound-Assisted Adsorption of Basic Blue 41 onto Salda mud:
Optimization and Error Analysis
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Abstract: We investigated the ultrasound-assisted adsorption of Basic Blue 41 (BB41) dye from aqueous
solutions using a green and low-cost adsorbent such as Salda mud (SM) in our study. BET, FTIR, and SEM
techniques were used to determine the morphology and the functional groups of SM before and after dye
adsorption. Furthermore, we calculated different adsorption kinetics, isotherms, and error models (SSE,
HYBRID, and ARE) parameters to evaluate the optimum experimental conditions such as the initial dye
concentration of BB41 (6.25 - 50 mg L-1), SM dose (0.05 - 0.2 g), pH (3 - 10), and sonication time (400 -
3600 s). The value of uptake (%) of SM for BB41 was 94% at 50 mg L-1,25 oC at 3600 s. Following this,
we found that the pseudo second-order (Type2) model of BB41 was the best fitted model with highest R2

(0.973 - 0.999) values. We developed a simple, low-cost, and fast to remove BM41 from water using
natural  and  efficient  SM  adsorbent,  which  exhibited  superior  adsorption  performance  in  wastewater
treatment under ultrasonic irradiation.
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INTRODUCTION

Water  pollutants  such  as  chemical  wastes,  dyes,
pesticides,  radioactive  pollutants,  and  heavy
metals),  originated  from  industrial  activity  and
home  waste,  have  become  an  increasingly  global
problem  for  environmental  sustainability  (1-3).
Researchers  study  to  solve  accelerating  water
pollution problems such as physical, chemical, and
biological  pollution  (4).  Rapid  population  growth,
unplanned urbanization, unplanned industrialization,
and industrial wastewater are the main reasons for
water pollution (5). For this reason, the importance
of  wastewater  treatment  has  become  vital  for
aquatic environments, animals, and humans (6-7).
The low-cost based treatment, operation simplicity,
and green chemistry play an important role in the
treatment of textile-based dye wastewater (8-10).
Studies  have  reported  that  different  methods
(oxidation,  filtration,  ion  exchange,  adsorption,
coagulation-flocculation,  and  ultrasound-assisted

adsorption) can be used to remove textile dyes from
aqueous medium (11-16).  The ultrasound-assisted
adsorption is an effective and rapid method used to
remove  textile  dyes  from aqueous  medium using
ultrasonic technology (16-18).

In  recent  years,  interest  in  natural,  effective  and
low-cost adsorbents such as microalgae (19), gum-
based hydrogel (20), alginate (21), bentonite (22),
sediment (23), activated carbon (24), and mud (25)
increase  to  be  used  to  remove  dyes  from
wastewater. The  adsorptive  characteristics  of
different types of muds were proposed as natural,
low-cost, available in large quantities, and efficient
adsorbents for dye removal (26-28). 

We preferred Salda mud (SM) as a green adsorbent
which is obtained from Salda Lake region of Turkey,
and  consists  of  hydromagnesite  stromatolites  to
remove  BB41  from  aqueous  solution  using  the
ultrasound-assisted adsorption method as a function
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of  the  initial  BB41  dye  concentration,  SM  dose,
temperature, and pH. Brunauer – Emmett – Teller
(BET),  Fourier-transfor  infrared  (FTIR),  and
Scanning  Electron  Microscopy  (SEM) techniques
were  used  to  determine  the  morphology  and  the
functional  groups  of  SM  before  and  after  dye
adsorption.  According  to  reported  studies  on
adsorption  of  dye,  we  have  found  that  the
ultrasound-assisted adsorption method is preferred
to remove BB41 from aqueous solution, but there
are limited studies on adsorption capacity of SM. In
our  study,  the  novelty  was  to  research  the
ultrasonic-assisted  adsorption  of  BB41  on  the
surface  of  SM  due  to  the  effect  of  sonic  waves.
According to our results, the value of uptake (%) of
BB41 was calculated 94% at optimized ultrasound-
assisted conditions (SM dose = 0.05 g, sonication
time  =  3600  s,  pH  =  7,  the  initial  BB41
concentration  =  50  mg  L-1 of  BB41). We  used
different kinetic models such as first order, pseudo-
second  order  (Type  1) and  pseudo-second  order
(Type  2) models to find the kinetic parameters of
models  and  adsorption  capacity  of  SM. This
ultrasound-assisted  adsorption  mechanism  is  in
agreement  with  the  Freundlich  model  (R2:  0.999)
and  pseudo-second-order  (Type  2)  (R2:  0.973  -
0.999) with high correlation constants (R2) and low
error parameters. The experimental results showed
that SM has great potential as a green adsorbent for
the  rapid  removal  of  BB41  from  the  aqueous
medium under ultrasonic power.

EXPERIMENTAL SECTION

Materials
BB41  (C20H26N4O6S2, molecular  weight:  482.57
g/mol) was purchased from Sigma Aldrich Company
(Germany).  SM  was  provided  from  Salda  Lake
(Burdur,  Turkey),  washed  three  times  with  water
before use, then filtered and dried at 50 ± 1° C for
8 h in a vacuum oven until a constant weight of the
sample.  The  powder  was  passed  through  a  sieve
(200 mesh) and then it was stored for use in the
desiccator at room temperature.

Characterization
SEM  device was a  Hitachi  SU3500,  and  FTIR was
PerkinElmer®'s Spectrum 3™ Infrared Spectrometer
and  spectra  were  recorded  in  potassium bromide
(KBr) powder within the spectral range 4000 to 600
cm–1  with a  resolution  of 4 cm–1 and  8 scans  were
averaged. Characterization  of  the  samples  was
performed  before  and  after  dye  adsorption.  The
ultraviolet-visible  (double  beam  UV-visible)
spectrophotometer (T80 & T80+ - PG Instruments)
was  used  to  view  the  absorbance.  BET
(Micromeritics  ASAP  2020  analyzer)  analysis  was
used to determine the specific surface area of SM.

Ultrasonic-Assisted Adsorption Experiments
In light of our experimental  data, we investigated
the selected operating parameters on the ultrasonic-

assisted  adsorption  study  was  performed  to
adsorption of BB41. Experimental runs were carried
out at  constant  temperature  with  the  initial  BB41
concentration (6.25 - 50  mg L-1), SM dose (0.05 -
0.2 g), and pH (3 - 10) in ultrasonic bath at 20 kHz.
Before  the  measurement  of  absorbance,  the
samples  were  centrifuged  at  10,000 rpm  (rotor
speed)  for  5 min  and  measured  at  a  certain
wavelength (λmax=617 nm) using a ultraviolet-visible
spectrophotometer.  All  measurement  runs  were
done  in  triplicate  under  the  same  experimental
conditions. 

Calculations Part
We calculated  the value  of  equilibrium adsorption
capacity of SM by the following formula (Eq. 1) (29-
30):

qe=(C0– Ce)×
V
m

 (1)

where qe: the equilibrium adsorption capacity of SM
(mg g−1), V: volume of BB41 solution (L), m: mass
of the SM (g),  C0:  the initial  BB41 concentrations
(mg  L−1),  and  Ce:  the  equilibrium  BB41
concentrations (mg L−1). 

The  kinetic  experimental  runs  were  performed  at
the  similar  optimized  conditions  (the  initial  BB41
concentration (6.25 - 50  mg L-1), SM dose (0.05 -
0.2 g), and medium pH (3 - 10) in ultrasonic bath at
20 kHz).  We used different kinetic models such as
first  order,  pseudo-second  order  (Type  1)  and
pseudo-second order  (Type 2)  models to find the
kinetic  parameters  of  models  and  adsorption
capacity  of  SM. The parameters of kinetic  models
were calculated by the following formulas (Eqs. 2-4)
(31-33):

first order model:

log(qe – qt)=log qe –( k1
2.303)×t  (2)

pseudo-second order model (Type 1): 

t
qt

=(1h)− t
qe

 (3)

pseudo-second order model (Type 2):

1
qt

=(1h)1t + 1qe  (4)

Where  qt  :  the  amount  of  measured  adsorption
capacity of SM (mg g−1) at time t, t: time (min), k1:
the  rate  constant  of  the  pseudo-first  order  model
(min–1),  h:  k2qe

2,  k2:  the  rate  constant  of  the
pseudo-second order model (g mg–1 min–1), and kip:
the  rate  constant  of  intra-particle  diffusion  model
(mg/g min1/2). 

Adsorption isotherms experiments  were performed
at initial dye (BB41) concentration (6.25-50 mg L-1)
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and SM dose (0.05 g) at solution pH 7.0. Different
isotherm  parameters  (Langmuir,  Freundlich,
Temkin,  Harkins  -  Jura,  and  Halsey  parameters)
were  calculated  using  Eqs.  5-9,  respectively  (34-
36).

1
qe

= 1
q t

+ 1
qt K L

× 1
Ce

 (5)

ln qe=ln KF+n lnCe  (6)

qe=K tT ln aT+KT lnCe  (7)

1

qe
2
= B
A
–
1
A
logC e  (8)

ln qe=
1
n
ln k –

1
n
lnC e  (9)

Where, KL: the Langmuir constant (L mg-1), KF : the
Freundlich constant (mg g-1), 1/n : the intensity of
adsorption, KT : the Temkin constant (L g-1), KT = R
T /  b,  T : the temperature  (K),  A and B: Halsey
constant, and R : the universal gas constant (8.314
J / mol K).

We calculated the error analysis parameter to find
the best fitted kinetic models. The formulas of the
sum of squares of errors (SSE), the hybrid fractional
error  function (HYBRID),  and the average relative
error  (ARE)  models  were  given  Eq.  10-12,
respectively (37-38).

∑
i=1

n

(qcal– qe)i
2  (Eq. 10)

100
n−p∑i=1

n ( (qe−qc a l )i
2

qe ) (Eq.11)

100
n− p∑i=1

n

(qe−qc a lqe )
i

(Eq. 12) 

Where  qe is  the  experimental  capacity  of  the
adsorbent,  qcal  is  the  calculated  capacity  of  the
adsorbent,  n is  the number of data,  and p is the
number of parameters in the experiment. 

RESULTS AND DISCUSSION

Characterizations of SM before and after BB41 
adsorption
The main objective of this paper was to illuminate
the adsorption behavior of SM for removal of BB41

dye  using  the  ultrasonic-assisted  adsorption
method. Many previous studies have been reported
about BB41 adsorption kinetics,  but limited works
have been reported on the adsorption characteristic
of  SM  under  the  acoustic  cavitation,  but  limited
works  have  been  reported  on  the  adsorption
characteristic  of  SM under the acoustic  cavitation.
The surface area of SM was given 20.12 m2/g (5)
and the value of specific surface area was 0.022 m2/
g of  SM for  after  adsorption process.  BET results
demonstrated  that  BB41  was  adsorbed  onto  SM.
SEM images of the surface of SM before and after
BB41  adsorption  at  different  magnifications  were
given  in  Figure  1  (a-b).  In  Fig.  3.1, SEM results
showed that the unloaded SM had an irregular and
heterogeneous porous surface. After the adsorption
process, the surface of SM was covered with BB41
dye  and  the  surface  of  SM  became  smooth  in  a
short time. According to results, we assumed there
were  physico-chemical  adsorption  mechanisms  on
the surface of SM. As a result of these differences
between  SEM results,  we  determined  that  BB  41
was physico-chemically adsorbed on the surface of
SM and this result was supported by UV and FTIR
results.

According to FTIR results of SM, we reported that
the adsorbent had characteristic peaks at 3441.35
cm−1 (-OH),  at  1477.21  cm−1 (CH3 bending),  at
1417.42 cm−1 (C-H asymmetric bending vibration),
and at 1006.66 cm−1 (Si-O-Si), respectively. These
results were similar with our previous FTIR results
of the adsorbent (5). After the adsorption process,
we noticed that the characteristic peaks of SM/BB41
were  observed  at  3441.35  cm−1  (-OH  peak),  at
1477.21 cm−1 (CH3 bending), at 1416.46 cm−1 (C-H
asymmetric  bending  vibration),  at  1007.62  cm−1

(Si-O-Si), and 884.20 cm−1 (Si-O-Si), respectively.
According to results of FTIR, we noticed that there
was no prominent differences in peaks of before /
after  BB41  ultrasonic-assisted  adsorption  process.
These  FTIR  results  showed  that  the  adsorption
process was a physical one which was related to the
weak  electrostatic  interaction  and  Van  der  Waals
forces.  It  was  determined  that  our  results  were
consistent with similar studies (48).

Ultrasonic-assisted Adsorption Study
Effect of the Initial BB41 Dye Concentration
During  the  last  years,  the  ultrasound-assisted
adsorption of textile dyes have been considered by
some  of  researchers  under  ultrasound  irradiation
with 20 - 100 kHz ultrasonic waves at 25 - 40 °C for
5 - 60 min (39 - 42). The initial dye concentration
has  an impact  on  the  adsorption  characteristic  of
adsorbent under ultrasonic irradiation. The effect of
the  initial  BB41  concentration  on  the  uptake
percentage was presented in Figure 3 (a-d). 
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(a) (b)

Figure 1: SEM images of SM (a) before and (b) after BB41 adsorption.

Figure 2: FTIR spectra of SM (a) before and (b) after BB41 adsorption.

In  the  present  study,  we used FTIR  technique to
shed light on the chemical structure and functional
groups  of  SM  on  a)  before  and  b)  after  BB41
ultrasonic-assisted  adsorption  process  and  FTIR
graphs of samples were given in Figure 2.

In Figure 3, it was shown that the value of qe of
BB41  increased  with  increasing  MB  initial  dye
concentration (6.25-50  mg L-1) at 25 °C, and the
maximum equilibrium adsorption  capacities  of  SM

were calculated to be 233 mg/g, 828 mg/g, 1862
mg/g, and 4699 mg/g for 6.25 mg L-1, 12.5 mg L-1,
25  mg L-1  and 50  mg L-1,  respectively.  We deter-
mined that the ultrasound irradiation played a major
factor  in  the  adsorption  of  the  BB41  from  the
aqueous medium onto the surface of SM with 1 h
sonication time. As a result, we assumed that qe of
SM increased with the initial BB41 concentration due
to the amount of BB41 molecules adsorbed onto the
active surface sites of SM (43).
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Figure 3: Effect of the initial dye concentration on the adsorption of BB41 onto SM (adsorbent dosage: 0.05
g, temperature: 25 °C, and pH: 7 ).

Effect of SM Dose
In this study, we investigated the different SM doses
in the range of 0.05-0.2 g in the ultrasound-assisted

adsorption of BB41 from aqueous solutions (at pH 7,
25 °C and 20 kHz) and experimental results were
given in Figure 4 (a-d).
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Figure 4: Effect of the adsorbent dose on the adsorption of BB41 onto SM (the initial dye concentration: 50
mg L-1, temperature: 25 °C, and pH: 7 ).

According  to  the  results,  we  showed  that  the
adsorption capacities of SM were changed with the
SM dose and adsorption was higher at low SM dose
(uptake  percentages:93.97%  for  0.05  g  of  SM)
(44).

Effect of pH Medium
In  this  work,  we  investigated  the  effect  of  pH
medium  range  of  (3-10)  on  BB41  adsorption
mechanism onto the surface of SM and results were
given in  Fig. 3.5 (a-d).  Depending on the results,
the  maximum  uptake  percentage  of  SM  was
measured at pH 7. 

At lower the values of pH, the electrostatic repulsive
force has an effect on the uptake percentages of SM
and  dyes  removal  efficiency  due  to  the  positive
charges (45).  Consequently,  the optimum pH was
7.0 for adsorption experimental runs. 

Effect of Sonication Time
In  order  to  achieve  the  optimized  operating
conditions,  we  focused  on  the  effect  of  the
sonication time in the range of (400 - 3600 s) on
adsorption process and evaluated the effects of the
sonication time on the uptake percentages of SM.
We compared the values of the uptake percentages
of SM under ultrasonic irradiation in Figure 6. 
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Figure 5: Effect of the pH on the adsorption of BB41 onto SM (the initial dye concentration: 50 mg L-1,
temperature: 25 °C, and adsorbent dosage: 0.05 g).

Figure 6: Effect of the sonication time on the adsorption of BB41 onto SM (temperature: 25 °C, and
adsorbent dosage: 0.05 g).

The initial BB41 concentration increased from 6.25
to 50 mg L-1, while the dye adsorption capacity onto
SM  increased  from  232.75-4698.66  mg/g.  The
results showed that the sonication time enhanced qe
of the adsorbent due to the synergic mechanism of
the ultrasonic adsorption process (46). 

Kinetic Studies
The kinetic model parameters of adsorption systems
were  calculated  to  understand  the  ultrasound-
assisted adsorption mechanism and to optimize the
adsorption process. For this purpose, several kinetic
models  such  as  first  order,  pseudo-second  order
(Type 1) and pseudo-second order (Type 2) models
were compared to examine the ultrasound-assisted
adsorption  process  of  BB41  onto  SM  (0.05  g  of
adsorbent  dosage)  from  the  different  initial  dye
concentrations in the range of 6.25-50 mg L-1 and at
25  °C.  Also  we  evaluated  the  mechanism  of

ultrasound-assisted adsorption process consisting of
the mass transfer, diffusion and chemical reaction
with these models were calculated by Eqs. 2.2-2.4
kinetic models. The results of experimental kinetic
studies of BB41 adsorption at different initial BB41
dye concentrations were indicated in Figure 7, and
the  corresponding  kinetic  model  parameters
obtained  for  each  model  were  given  in  Table  1.
According to the correlation coefficients (R2 > 0.99)
of  models  obtained  for  each  kinetic  model,  the
pseudo-second-order model (Type 2) was the most
suitable to explain the BB41 adsorption reaction of
SM. The linear graphs of the pseudo-second-order
(Type 2) model  for the BB41 adsorption onto the
surface of SM were given in Figure 7. Consequently,
the chemical reaction of BB41 dye with the surface
of SM was the rate-limiting step in the ultrasound-
assisted dye adsorption (47).
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Figure 7: A pseudo-second order kinetic model (Type 2) of BB41 onto SM at different initial dye
concentrations.

Table 1.  Adsorption kinetic model parameters for the BB41 adsorption on SM at at different initial dye
concentrations.

Adsorbent
Second order model 

(Type 2)

Second 
order 
model
(Type 1)

First 
order 
model

C (g L-1)
Uptake

(%)
qe, exp
(mg/g)

qe, cal
(mg/g) k2 R2 R2 R2

SM 6.25 37.24 232.75 294.12 0.000040 0.999 0.662 0.696

12.5 66.27 828.34 833.33 0.000020 0.990 0.665 0.682

25.0 74.47 1861.76 1999.98 0.000015 0.986 0.896 0.891

50.0 93.97 4698.66 4998.24 0.000012 0.982 0.895 0.890

Isotherm Models
We compared different adsorption isotherm models
to explain a synergetic interaction between BB41 in
the  aqueous  medium  and  the  adsorbed  BB41
concentration onto the surface of SM at equilibrium.
The  adsorption  isotherm  (Langmuir,  Freundlich,
Temkin, Harkins - Jura, and Halsey) parameters for
the  BB41 dye  ultrasound-assisted  adsorption  onto
SM were given in Table 2.

According to the experimental results, we found that
the Freundlich isotherm model was best fitted with
high  correlation  constants  (R2)  (0.999).  The
ultrasound-assisted  adsorption  of  BB41  onto  SM
could  better  explain  the  mechanism  of  the
heterogeneous system (Figure 8). Furthermore, we
calculated  the  value  of  n  (Freundlich  isotherm
constant)  to  show  whether  the  mechanism  of
adorption  was  chemical  (n  is  smaller  than  1)  or

physical  (n is greater than or equal to 1). In line
with this information, the mechanism adsorption of
BB41 dye onto the surface of SM was proven as a
physical adsorption process under ultrasonic waves
(48).

Optimization and Error Analysis
In  our  study,  we  calculated  the  different  error
parameters  to  optimize  the  ultrasound-assisted
adsorption process of BB41 onto SM and compared
different models parameters via SSE, HYBRID, and
ARE models. All error results were given in Table 3,
and accordingly we proved that the minimum error
analysis  results  of  ARE  expression  with  high
correlation  constant  of  Freundlich  isotherm  were
compatible. In Table 4, the comparison of the value
of  adsorption  capacity  of  BB41  with  the  other
adsorbents  were  given.  Consequently,  SM
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demonstrate  a  efficient  potential  for  removal  of BB41 in a short time under ultrasound waves.

Table 2. Adsorption isotherm models parameters of BB41 on SM. (The initial dye concentration: 6.25-50
mg L-1, SM dose: 0.05 g, pH 7, and temperature: 25 °C

Models Parameters
Freundlich n 1.100

KF (mg1-1/nL1/n/g) 100.01
R2 0.999

Langmuir qm (mg/g) 0.25
KL (mg/l)- 4.67
R2 0.993

Temkin KT (kJ/mol) 1423.5
aT (Lm/g) 2.72
R2 0.907

Harkins -
Jura

AH 20.000

BH 0.00001
R2 0.751

Halsey nH 1.10
K 100.02
R2 0.998

0,5 1 1,5 2 2,5 3 3,5 4 4,5
0
1
2
3
4
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9

Ln Ce

Ln
 q

e

Figure 8: Freundlich isotherm model of BB41 on the adsorption of SM (The initial BB41 concentration:
6.25-50 mg L-1, adsorbent dose: 0.05 g, pH 7, and temperature: 25 °C).

Table 3: The error results of adsorption isotherm of BB41 onto SM. 
Models Correlation constants

(R2)
SSE HYBRID ARE

Freundlich 0.999 0.994 0.996 0.998
Langmuir 0.993 0.988 0.989 0.995
Temkin 0.907 0.886 0.901 0.905

Harkins - Jura 0.751 0.742 0.745 0.749
Halsey 0.998 0.985 0.990 0.996

Table 4: The comparison of the adsorption capacities values of various adsorbents for BB41 adsorption.
Adsorbent Adsorption Capacity Ref

Pistachio shell 41.77 mg/g (48)
Activated carbon 125 mg/g (49)

Photobiocomposite bead 3.03 to 90.15 mg/g (50)
Grape bagasse/Silica 268.1 mg/g (51)

Brick waste 60–70 mg/g (52)
Natural zeolitic tuff 192.31 mg/g (53)
Nanoporous silica 345 mg/g (54)

Salda mud 232.75-4698.66 mg/g This study
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CONCLUSIONS

In  this  work,  we  studied  the  rapid  adsorption
process  of  BB41  from  aqueous  solutions  under
ultrasonic waves in a short time using the low-cost
and efficient adsorbent such as SM. Characteristic
functional  groups and surface morphologies of SM
and SM/BB41 were analyzed using FTIR and SEM
techniques. To examine the adsorption mechanism,
we calculated the parameters of adsorption kinetic,
adsorption isotherm and error  models  at  different
experimental  conditions  (SM  dose,  pH,  and
sonication  time).  According  to  the  experimental
results  obtained,  we  proved  that  the  best  fitted
kinetic  model  was  a  pseudo-second  order  kinetic
model  and  the  isotherm  model  was  Freundlich
(highest R2 : 0.999 and lowest error data) model.
Consequently, we determined that SM was a green,
promising,  and  effective  adsorbent  and  could  be
used in  the  environmental  applications  to  remove
BB41 dye.
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