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a b s t r a c t
In this study, the adsorption of Direct Red 243 dye on clay was investigated in aqueous solutions. 
In batch adsorption experiments, the effects of initial pH, adsorbent dose, initial concentration, con-
tact time, and temperature were investigated. X-ray diffraction, Fourier transform infrared spectros-
copy, and surface area (SBET) analysis were used to determine the properties of the clay. Scanning 
electron microscopy images of the clay were obtained before and after the adsorption of the dye. 
The Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich isotherms were applied to the 
adsorption equilibrium, and the results indicated that the Langmuir isotherm gave the best fit to 
the data. The maximum adsorption capacity was 156.25 mg g–1 for Direct Red 243. The pseudo-first- 
order, pseudo-second-order, Elovich, and intra-particle diffusion models were applied to the data, 
and the kinetic data were best described by the pseudo-second-order model.
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1. Introduction

Dyes are widely used in the textile, rubber, plastic, 
leather, cosmetic, pharmaceutical, and food industries. 
The use of dyes has also been increasing in these constantly 
developing and growing sectors [1]. Therefore, more waste-
water containing dyes is discharged into the environment 
and the presence of dyes in wastewater is an important 
problem [2]. Worldwide, 700,000 tons of dye is produced 
annually, around 10%–15% of which is discharged into the 
environment. Dyes are visible in water bodies, even at a 
concentration of less than 1 ppm [3]. Annually 2.8 × 105 tons 
of textile dye is discharged into the environment [4]. Dyes 
discharged into the environment do not readily decompose 
because they are stable to sunlight as well as chemical and 
biological processes [5–7]. These toxic and carcinogenic 
dyes affect the entire ecosystem, from plants to animals and 
humans [8–11]. Since dyes can easily diffuse into the envi-
ronment in which all life exists, it is important to remove 
them from wastewater [12–14].

Dyes are classified as acidic, basic, direct, reactive, 
disperse, and metal-complexed. Acidic, direct, and reac-
tive dyes are anionic molecules [15]. Direct dyes contain 
one or more azo groups and are commonly used for color-
ing and printing cellulosic fibers [16,17]. Direct dyes have 
much higher molecular weights than other dyes and their 
adsorption mechanism involves the formation of hydrogen 
and Van der Waals bonds. Directs dyes are soluble in water 
because they contain sulfonate groups [18]. Most of the 
direct dyes contain azo groups and are toxic, carcinogenic, 
and mutagenic, causing dermatitis, skin irritation, and 
cancer. Azo dyes represent 60%–70% of all synthetic dyes. 
About 80% of dyes used in the dying process are azo dyes 
and need to be removed from wastewater [19,20].

Numerous biological, chemical, and physicochemical 
methods are used for the removal of dyes from waste water, 
including flocculation, coagulation, precipitation, mem-
brane filtration, electrochemical techniques, ozonation, 
photocatalytic degradation, and adsorption. The most suit-
able method is selected depending on the purpose and the 
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conditions [21–24]. Adsorption is the predominant method 
owing to its ease of application, low cost, minimal toxic 
waste, and high yield [25]. If the adsorbent used has a large 
surface area and is a readily available and low-cost mate-
rial, the effectiveness of the adsorption is further increased, 
and clay is readily available and low-cost material.

The most common adsorbent is activated carbon but, 
owing to its high cost, it is preferable to use cheaper and 
more abundant materials. One of these alternative mate-
rials is clay [26–28]. Clay is a non-toxic hydrous aluminos-
ilicate with fast adsorption kinetics and high adsorption 
capacity, as well as having complexation ability [29,30]. 
However, the adsorption capacity of clay in the removal of 
Direct Red 243 (DR243) dye has not been investigated.

In this study, clay was selected as the adsorbent since 
it is abundant and cheap. DR243 which is azo dyes was 
selected as the adsorbate because it is widely used in the 
textile industry. The removal of DR243 dyes by clay was 
evaluated in aqueous solutions. The clay was characterized 
and the effects on the adsorption of the initial pH, amount 
of adsorbent, initial concentration, contact time, and tem-
perature were investigated via batch kinetic experiments. 
The pseudo-first, pseudo-second, Elovich, and intra-par-
ticle diffusion kinetic models were subsequently inves-
tigated using the obtained data. Isotherm studies were 
performed to understand the adsorption system.

2. Materials and methods

2.1. Adsorbent

The clay was obtained from Kars Cement Factory (Kars/
Turkey). First, the clay was washed with distilled water and 
dried at 105°C for 24 h. The chemical composition of the 
clay was obtained by Kars Cement Factory. Combination 
ratio of clay are shown in Table 1. A Bruker, VERTEX 70v 
(MA USA) was used to record the infrared spectrum of the 
clay in the range of 4,000–400 cm–1. The specific surface 
area was measured using the Brunauer, Emmett, and Teller 
(BET) method. The physical properties of the clay are pre-
sented in Table 2. SEM images were obtained before and 
after adsorption (DAYTAM, Turkey).

2.2. Adsorbate

Direct Red 243 (DR243) was obtained from a tex-
tile factory in Turkey. The molecular weight of the dye is 
1,116.91 g mol–1 and maximum wavelength of DR243 is 
517 nm. The molecular structure of the DR243 dye is shown 
in Fig. 1. DR243 was used in the experiments without any 
purification. Initially, a 1,000 mg L–1 stock solution was pre-
pared by dissolving the dye in pure water. Other concen-
trations used in the experiments were obtained by dilution 
of this solution. The pH of the solution was adjusted by 
adding 0.1 mol L–1 HCl and NaOH solutions.

2.3. Adsorption studies

The effects of pH, adsorbent dose, initial concentration, 
contact time, and temperature on the adsorption of DR243 
were investigated in batch experiments. Examining the 
effect of any parameter, the other parameter values were 

set as follows: amount of adsorbent: 2 g L–1; temperature: 
30°C; stirring speed: 180 rpm; initial concentration of the 
dye: 200 mg L–1; pH: 2. After the adsorption experiments 
were completed, the samples were centrifuged at 5,000 rpm 
for 10 min and a UV-visible spectrophotometer (Mapada 
V1100D) was used to determine the dye concentration. 
The percentage dye adsorbed, the amount of dye at equi-
librium time qe (mg g–1), and the amount of dye, qt (mg g–1), 
were calculated using Eqs. (1)–(3):
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where C0, Ce, and Ct (mg L–1) represent the concentration of 
dye at the beginning, at equilibrium, and at any moment, 
respectively, V represents the volume of solution (L), 
and m represents the amount of adsorbent (g).

2.4. Adsorption isotherms

Isotherms are used to determine adsorption capacity and 
adsorbent–adsorbate behavior. The Langmuir, Freundlich, 
Temkin, and Dubinin–Radushkevich isotherms are widely 
applied to adsorption processes.

The linear equation of the Langmuir isotherm, which 
assumes that adsorption processes are monolayer, homoge-
neous, and have equal energies, is expressed as follows:
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Table 1
Chemical composition of clay

Content Quantity %

SiO2 53.86
Al2O3 13.76
CaO 11.12
Fe2O3 6.55
MgO 3.25
K2O 1.59
Na2O 0.96
SO3 0.24
Cl 0.0875
LOI 8.58

Table 2
Physical properties of clay

BET surface area (m2 g–1) 64.286
Average pore diameter (nm) 5.0098
Total pore volume (m3 g–1) 0.080514
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where qmax and KL are calculated from the slope and inter-
cept of the plot of Ce vs. Ce/qe. The graph qe of Langmuir 
isotherm corresponds to the amount of adsorbate per unit 
adsorbent mass at equilibrium (mg g–1), qmax indicates the 
maximum adsorption capacity of the adsorbent (mg g–1), 
Ce indicates the dye concentration (mg L–1) in solution at 
equilibrium, and KL is the Langmuir adsorption constant  
(L mg–1) [31].

A characteristic value of the Langmuir isotherm, RL, 
is calculated using the following equation: 

R
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L
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1

1 0

 (5)

where C0 is the highest initial concentration of the dye 
(mg L–1). If RL > 1, the isotherm is not favorable whereas if 
RL = 1, it is linear. A value of 0 < RL < 1 indicates that adsorp-
tion is favorable and RL = 0 indicates that it is reversible.

The linear expression of the Freundlich isotherm [32], 
which states that the adsorption process is heterogeneous, 
is as follows:
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where 1/n and KF are calculated from the slope and inter-
cept of the plot of ln(qe) vs. ln(Ce) and KF and n are the 
Freundlich constants.

The Temkin isotherm [33], which assumes a linear 
decrease in adsorption with temperature, is expressed in 
the following formula. 
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where qe is plotted against ln(Ce), the slope of the plot corre-
sponds to AT and the intercept is bT. AT (L g–1) and bT (J mol–1) 
are the Temkin constants. T (K) is the absolute temperature 
and R is the universal gas constant (8.314 J mol–1 K–1).

The Dubinin–Raduskevich isotherm explains the rela-
tionship between the adsorbate and the adsorption mecha-
nism [34]. It is expressed as follows:

ln lnq qe m( ) = ( ) − βε2  (8)

where e is the Polanyi potential and is calculated using 
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where qe is the amount of adsorbed dye per unit adsorbent 
(mol L–1), qm is the theoretical monolayer saturation capac-
ity (mol g–1), Ce is the concentration of dye in solution at 
equilibrium (mol L–1), e (mmol2 kJ–2), D–R is the adsorption 
energy constant, R is the gas constant (8,314 kJ mol–1 K–1), 

T is the temperature (K). E =
1
2β

 (kJ mol–1) and the 

magnitude of E is used to determine the adsorption 
mechanism. If E is less than 8 kJ mol–1, the adsorption 
process is physical. If E is between 8 and 16 kJ mol–1, the 
adsorption process is ion-exchange. If E is in the range of 
20 to 40 kJ mol–1, the adsorption process is chemisorption [35].

2.5. Adsorption kinetics

The pseudo-first-order, pseudo-second-order, Elovich, 
and intra-particle diffusion kinetic models were used to 
determine the mechanisms controlling the adsorption process.

The pseudo-first-order kinetic model is:
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.
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where the rate constant (k1) is calculated from the 
slope of the plot of log(qe – qt) and t [28].

qe and qt are the equilibrium and adsorption capaci-
ties (mg g–1) at time t, k1 is the pseudo-first-order constant 
(min–1), and t is the contact time.

The pseudo-second-order model is:

t
q k q q tt e e
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2
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where qe is calculated from the slope of the plot of t against 
t/qt. The second-order rate constant (k2) (g mg–1 min–1) is 
calculated from the intercept [36].

The Elovich model [37] is:

q tt = ( ) + ( )1 1
β

αβ
β

ln ln  (11)

where (1/β) and 1/β ln(αβ) are calculated from the 
slope and intercept, respectively, of the plot of qt against 
ln(t) where α is the initial adsorption rate (mg g–1 min–0.5) 
and β is the desorption constant (g mg–1).

The mathematical expression of this model is given 
below:

q k t Ct = +id
0 5.  (12)

where C and the diffusion rate constant (kid) (mg g–1 
min–0.5) are calculated from the intercept and the slope 
of the plot of qt vs. t0.5 [38].

C is a value related to the thickness of the boundary layer. 
The greater the value of C, the greater the contribution of 
surface adsorption in the rate-controlling step. If the graph 

Fig. 1. Molecular structure of DR243 dye.
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passes through the origin, it means that the step controlling 
the velocity fits the intra-particle diffusion model, and if it 
does not pass through the origin, it does not fit the intra- 
particle diffusion model [39].

3. Results and discussion

3.1. Characterization of the adsorbent

The composition of the clay was determined by X-ray 
diffraction (XRD) using a PANalytical EMPREYAN dif-
fractometer with Cu Kα radiation. The predominant peaks 
found in the clay are shown in Fig. 2. The XRD pattern 
shows that the main components are calcium iron silicate 
and cristobalite, as well as kaolinite and ilvaite.

The FT-IR spectra of the clay before and after adsorp-
tion are presented in Fig. 3. The band detected at 3,620 cm–1 
was attributed to the stretching vibrations of the hydroxyl 
group of Al–Al–OH. The band at about 1,620 cm–1 was 
caused by the stretching vibrations of C=C bonds [7]. 
The band at 1,440 cm–1 indicated the presence of C–O 
vibrations. The band at around 1,000 cm–1 was assigned 
to the symmetric stretching vibrations of Si–O–Si [2]. 
The band at 800 cm–1 was attributed to the Si–O bend-
ing of quartz [40]. The bands between 750 and 580 cm–1 
were attributed to Al–O and Si–O deformations while 
the band at 520 cm–1 was assigned to Al–O–Si deforma-
tion. The FT-IR spectrum for the clay loaded with DR243 
showed that the chemical nature of the clay remained vir-
tually unchanged after DR243 adsorption. Therefore, the 
adsorption of DR243 onto clay was physical in nature.

The SEM surface images of the clay before and after 
adsorption are shown in Fig. 4. It was observed that the 
surface of the clay consisted of pores and flakes before 
adsorption, as indicated in Fig. 4a, which appeared to be 
filled with dye, as shown in Fig. 4b.

3.2. Effect of initial pH

One of the most important factors affecting dye adsorp-
tion is the initial pH. It affects the surface charge of the 

adsorbent and the dissociation of functional groups in 
active sites. In addition, the properties of the clay and the 
dye determine if a basic or acidic environment would be 
more favorable for the adsorption [41,42]. In this study, 
the behavior of the DR243 dye in the pH range from 2 to 
9 is shown in Fig. 5. As can be seen from Fig. 5, the pH is 
highly effective for the adsorption of DR243 dye on clay. 
Approximately 84.5% of the dye is adsorbed at pH 2, while 
the amount of dye adsorbed decreases with increasing pH 
and no adsorption occurred above pH 6.

SiO2, Al2O3, and CaO are the major constituents in the 
clay. As the pH decreases, the concentration of H+ ions in 
the medium increases and negatively charged SiO2 is bal-
anced with hydrogen ions. At the same time, the positively 
charged components, Al2O3, and CaO, interact electrostati-
cally with the negatively charged DR243 dye, allowed the 
dye to cling to the surface and favoring the adsorption 
[43,44]. With increasing pH, the concentration of OH– ions 
increases and the sites on the adsorbent become negatively 
charged [45,46]. In this case, the repulsion forces are pre-
dominant between the clay and the DR243 dye. In addition, 
owing to the excess of OH– ions in the solution, DR243 dye 
and OH– ions compete with each other for the adsorbent 
and the rate of adsorption slows down [47,48]. Therefore, 
the following experiments were carried out at pH 2.

3.3. Adsorbent dose

To test the effect of the amount of adsorbent, varying 
amounts of clay adsorbent (0.05–0.5 g) were added to 50 mL 
of 200 mg L–1 DR243 solution. As shown in Fig. 6, the per-
centage of the dye adsorbed reached 95% at 0.2 g above 
which no further increase in adsorption was observed. 
However, the amount of dye adsorbed per gram of clay 
decreased from 129.7 to 18.83 mg g–1.

3.4. Effect of initial concentration and contact time

The adsorption process was carried out with dye con-
centrations ranging from 100 to 300 mg L–1. The effects of 
the initial concentration and contact time are shown in 

Fig. 2. XRD pattern for clay.



E. Kavcı / Desalination and Water Treatment 212 (2021) 452–461456

Fig. 7. As the dye concentration increased, the amount of 
dye adsorbed increased. As the concentration difference 
increases at the interface between the dye solution and the 
adsorbent surface, the driving force leading to mass transfer 
increases further. As the dye concentration decreases, there 
are more available active sites on the adsorbent so the dye 
molecules can quickly and easily reach the active sites [49]. 
At all the concentrations examined, adsorption was very 
rapid in the first 5 min and then the amount of adsorbed 
dye started to decrease gradually. From 30 to 60 min, there 
was very little change in the percentage dye adsorbed until 
complete adsorption at the 60th minute. Thus, the equilib-
rium time is 60 min.

3.5. Effect of temperature

In the adsorption experiments performed at 22.5°C, 
40°C, and 50°C, it was observed that the adsorption capac-
ity of the clay decreases with increasing temperature. 

A decrease in the adsorption capacity with an increase 
in temperature indicates that the process is exothermic 
[50]. The attraction bond between the dye molecules and 
the active sites of the adsorbent weakens as the tempera-
ture increases so the amount of dye adsorbed decreases 
[51–53]. At different temperatures, the amount of DR243 
dye adsorbed on clay was found to be: 94.24 mg g–1 at 
22.5°C, 89.36 mg g–1 at 40°C, and 82.52 mg g–1 at 50°C. 
The results are presented graphically in Fig. 8.

3.6. Adsorption isotherms

The graphs for all the studied isotherms are shown in 
Fig. 9 and the constants and correlation coefficients calcu-
lated from these graphs are presented and compared in 
Table 3.

The Langmuir plot of Ce vs. Ce/qe is shown in 
Fig. 9. The Langmuir isotherm showed the best fit with the 
experimental data (R2 = 0.9918). The adsorption capacity 

Fig. 3. FT-IR spectra for clay (a) before and (b) after adsorption.
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at 30°C was 156.25 mg g–1, the RL value was 0.67, and the 
adsorption was found to be favorable. For the Freundlich 
isotherm, the value of n was calculated from the graph of 
lnCe vs. lnqe, as shown in Fig. 9, and was greater than 1, 
which means that the adsorption was favorable, and the 
adsorption capacity was 18.83 mg g–1 (R2 = 0.9819). The val-
ues AT and bT were calculated using Fig. 9 and Eq. (7). AT 
was found to be 0.458 L g–1, indicating adsorbate–adsorbent 

interactions. The value of bT was 0.0723 kJ mol–1, which is 
less than 8 kJ mol–1, indicating that the adsorption process 
was physical for Temkin isotherm (R2 = 0.9664). The D–R iso-
therm plot is given in Fig. 9. The E-value was calculated to be  

0.2672 kJ mol–1 for DR243 according to E =
1
2β

, which is in 

the range for physical adsorption. The correlation coefficient 
of D–R isotherm was 0.7909, indicating a poor fit to the data.

Table 3 shows the isotherm model parameters for the 
adsorption of DR243 onto the clay. From the comparison 

Fig. 4. SEM images of clay (a) before and (b) after adsorption.
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of correlation coefficients, the Langmuir isotherm model 
has showing that it best fits the experimental data and 
indicating that the adsorption process the highest R2 value 
(0.9918). This means that the adsorption process is mono-
layer and homogenous and the sites have equal energies. 
The adsorption capacities of clay and other adsorbents for 
various anionic dyes are compared in Table 4.

3.7. Adsorption kinetics

The kinetic models are plotted in Fig. 10. The kinetic 
parameters from the pseudo-first-order, pseudo-second- 
order, Elovich, and intra-particle diffusion model are pre-
sented in Table 5.

The values of k1 and k2 were calculated from the plots of 
log(qe – qt) vs. t, and t/qt vs. t, respectively, as shown in Fig. 10.

From comparison of the correlation coefficients (R2) for 
all of the kinetic models in Table 4, the pseudo-second-order 
kinetic model shows the best fit with all correlation coef-
ficients close to unity. Furthermore, the correlation coeffi-
cients for the pseudo-second-order kinetic model (R2 ≥ 0.996) 
were greater than those for the pseudo-first-order 
(R2 ≤ 0.96), and Elovich models (R2 ≤ 0.96). R2 of Elovich is 
relatively low, indicating a chemical adsorption mechanism.

The values of ki and C were obtained from the slope of 
the linear plot of qt vs. t0.5 from Fig. 10d. The intercept for 
this plot is not zero, meaning that intra-particle diffusion 
is not rate-limiting. The value of C (29.196–51.524 mg g–1) 
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Table 3
Constants of Langmuir, Freundlich, Temkin, and D–R isotherm models

Langmuir qmax (mg g–1) KL RL R2

156.25 0.0064 0.3828 0.9918
Freundlich KF 1/n R2

18.83 0.4508 0.9819
Temkin AT (L g–1) B bT (kJ mol–1 K–1) R2

0.458 34.83 0.0723 0.9664
Dubinin–Radushkevich qm E (kJ mol–1) R2

4.5732 0.267261 0.7909
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increased with increasing initial concentration of dye. 
This means that the thickness of the boundary layer increased 
and that boundary layer diffusion is effective.

4. Conclusions

The adsorption of an anionic dye (DR243) onto clay 
was studied. Clay was characterized using XRD, FT-IR, 

and SBET. The physical properties of clay show that it is 
suitable for use as a potential adsorbent. The results of the 
study indicated that pH was the most significant parameter 
affecting the adsorption process. As the pH decreased, the 
amount of adsorbed substance increased. The maximum 
adsorption capacity was obtained at pH 2 and no dye was 
adsorbed above pH 6. The adsorption process is exother-
mic as the amount adsorbed decreases with increasing 
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Table 4
Adsorption capacities of different adsorbents for various anionic dyes

Adsorbent Dye qmax (mg g–1) Isotherm/kinetics References

Cattle hair waste Acid Blue 161 104.787 Liu-general order [54]
Spent tea leaves 
  (modified polyethylemine)

Reactive Black 5 71.9 Temkin/pseudo-second-order [55]

Turkish sepiolite Reactive Blue 15 3.43 Freundlich/pseudo-second-order [56]
Nerium oleander flower  
 (activated carbon)

Direct turquoise blues 33.3 Langmuir and Freundlich/ 
 pseudo-second-order

[57]

Cassava root husk Direct Black ECO TFA 46.1 Langmuir/pseudo-second-order [58]
Rice husk Direct red 31/ 

 Direct Orang 26
25.63/19.96 Langmuir/pseudo-second-order [59]

Neam leaf powder Congo Red 41.2 Langmuir/pseudo-second-order [60]
Bentonite Direct Red 2 153.84 Langmuir/pseudo-second-order [61]
Palm ash Direct Blue 71 400 Freundlich/pseudo-second-order [62]
Sepiolite Direct Blue 85 232 Langmuir/pseudo-first-order [63]
Clay Direct Red 243 156.25 Langmuir/pseudo-second-order This study
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temperature. The equilibrium time was found to be 60 min, 
which is relatively fast, so clay is feasible for use as an adsor-
bent. The experimental data was found to have the best fit 
to the Langmuir isotherm and the adsorption capacity of 
the clay was found to be 156.25 mg g–1. The RL value was 
less than 1, indicating that the adsorption was favorable. 
The adsorption of Direct Red 243 dye by clay fits the pseudo- 
second-order kinetic model. Owing to the low contact 
time and adsorbent dose required for adsorption of Direct 
Red 243 dye, and the relatively high adsorption capacity, 
clay can be used as an effective and low-cost adsorbent for 
the removal of Direct Red 243 dye from aqueous solutions.
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