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a b s t r a c t
In this work, the preliminary batch trials were performed to optimize the factors influencing the 
Remazol dyes remediation using Ulva reticulate biochar. U. reticulate a green marine seaweed is used 
as a low-cost adsorbent to remediate the Remazol dyes in aqueous solution. The optimum values 
were achieved at 2 g/L biochar dosage, 2.0 equilibrium pH, 0.05 mmol/L initial dye concentration, 
and 30°C temperature with a maximum removal efficiency of around 92%. Thermodynamic stud-
ies proved that the reactions are spontaneous and endothermic. Toth a three-parameter isotherm 
model performed well in comparison with other models demonstrating a regression coeffi-
cient of 0.9999. The kinetic study results indicate that the pseudo-second-order kinetic is the best 
fit model. Finally, the regeneration study concluded that of different elutant, NaOH showed the 
maximum desorption efficiency of greater than 99.2% for all four Remazol dyes.
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1. Introduction

Dyes are classified based on their application charac-
teristics as direct, acid, disperse, basic, reactive, mordant, 
sulfur, and disperse. Dyes are available as azo, nitro, acri-
dine, carotenoid, indamine, diphenylmethane, xanthene, 
phthalocyanine, anthraquinone, indigoid, quinoline, inor-
ganic pigment, sulfur, etc., based on chemical structure. 
Dyes can also be categorized as cationic, anionic, and 
non-ionic colors based on the structure [1].

The estimated annual production of dyes is around 
7,000–10,000 kilotons [2]. The global use of reactive dyes 
is continuously increasing to meet demand. On the other 
hand, dye bearing wastewater generated from industries is 
having the worst impact on the environment [3]. In textile 

industries during the dyeing process, some quantity of 
applied dyes is not utilized. Based on the type of fabrics 
water demand may vary, a total of 0.08–0.15 m3 of water 
is utilized per kg of fabric production. Wastewater about 
1,000–3,000 m3 is discharged after treatment of approxi-
mately 12–20 tons of fabrics per 24 h [4,5]. Dyes are com-
monly toxic and cause health issues [6]. Synthetic dyes 
are commonly removed by physical methods [7,8]. Some 
chemical methods like chemical oxidation involve the use 
of chemicals for the transformation of pollutants, but the 
recent approach for the remediation of dyes is based on the 
biological method [9,10].

As reported by Vijayaraghavan and Yun [11] and Malik 
[12] numerous biological ways are available to treat inorganic 
and organic pollutant-containing wastewaters, these include 
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biosorption, biodegradation, bioaccumulation, bioleach-
ing, phytoremediation, bio-sparging, bio-augmentation, 
bioventing, and bio-stimulation. Of these methods, many 
researchers centered on biosorption, biodegradation, phy-
toremediation, and bio-accumulation for dye-containing 
wastewaters as they proved efficient in dye remediation from 
contaminated waters [11].

Biochar is obtained from waste materials through ther-
mal degradation in the absence of O2 (pyrolysis). Experi-
mental outcomes by Nartey and Zhao [13] portray that 
the selection of proper feedstock is crucial for biochar 
preparation as it greatly influences the functional groups, 
pores, and other adsorption properties of biochar. Biochar 
is generally produced from biological materials, which are 
acquired at low or nil cost [14]. Application of biochar for 
the water and wastewater treatment is the recent approach 
and the adsorption of these pollutants is maximum when 
compared to other types of bio sorbents. Biochar can be 
prepared for any waste materials that are rich in carbon 
content and numerous studies have been carried out using 
biochar produced for agricultural waste (rice husk, coco-
nut shell, groundnut shell, etc.). But the synthesis of bio-
char from the seaweeds is very much limited and to the 
best of our knowledge, this is the first attempt that involves 
the utilization of biochar produced from green seaweed 
(Ulva reticulata) for the remediation of Remazol dyes. Green 
seaweeds are very common in the southern parts of India 
and its alternative usage in environmental remediation is 
on the horizon. Hence, the current research examines the 
potential of biochars, synthesized from locally available 
marine green algae (U. reticulata), towards sorption.

2. Materials and methods

2.1. Seaweed and Remazol dyes

Green marine seaweeds (U. reticulate) are harvested 
from Rameswaram, India. The Remazol dyes were pro-
cured from Sigma-Aldrich, India and the properties of the 
Remazol dyes used in this study are shown in Table 1.

2.2. Thermal pyrolysis

Distilled water is used to wash the collected marine algae 
and subsequently dried naturally for 24 h. Approximately, 
the collected biomass is crushed and it is sieved to a particle 
size of 0.75 mm. The sieved biomass was heated in the muffle 
furnace (Make: ANTSLD) (300°C–500°C) at the heating rate 
of 5°C/min for 120 min [15]. The oxygen-free environment 
is maintained in the muffle furnace by applying 100 mL/min 
of N2 gas for 10 min [16]. Once the pyrolysis is completed, 

the muffle furnace was allowed to cool to reach room tem-
perature and the resulting biochar is stored in desiccator 
[16]. Three trials were carried out for each pyrolysis tem-
perature to obtain the average results. The biochar yield is 
calculated by using Eq. (1).

Biochar Yield %( ) = 






×

m
m

1

2

100  (1)

where m1 is the mass of the biochar after thermal degradation 
(kg or g), m2 is the mass of the raw biomass before thermal 
degradation (kg or g).

2.3. Biochar characterization

An elemental analyzer (2400 Series II-PerkinElmer, USA) 
was used to determine the elemental profile of biochar. 
Moisture content, ash content, fixed carbon content, and vol-
atile matter content were determined using proximate analy-
sis [17]. Scanning electron microscopy (Hitachi, USA – S4800) 
was used to study the surface characteristics of biochar and 
FT-IR spectrophotometer (Bruker, USA – attenuated total 
reflectance infra red (ATR IR)) was used to analyze major 
shifts occurred in functional groups of biochar samples. 
Before analyzing, the dried biochar samples were mixed 
with potassium bromide (KBr) to form pellets.

2.4. Batch experiments

Batch studies were carried with a volume of 100 mL in 
an Erlenmeyer flask (250 mL). A rotary orbital shaker is used 
for mixing the content at 160 rpm. The contact time of 8 h 
is established to reach equilibrium conditions. A centrifuge 
is used to separate the dye-bounded biochar from the solu-
tion and it is carried out at 3,000 rpm for 5 min [18]. A spec-
trophotometer is used to find the final concentration of the 
dyes. The batch studies were carried out by varying biochar 
dosage, pH, temperature, and initial solute concentration.

2.5. Influence of biochar dosage, pH, temperature, and initial 
solute concentration

The impact of different parameters on the removal 
of Remazol dye was studied by varying biochar dosage 
(1–10 g/L), pH (1.75–5.0), temperature (20°C–45°C) and initial 
dye concentration (0.05–1 mmol/L).

2.6. Isotherm and kinetic studies

Freundlich and Langmuir (two-parameter isotherm 
model), Sips and Toth (three-parameter isotherm model) 

Table 1
Characteristics of Remazol dyes

Dyes Empirical formula Color  
index

Molecular  
weight (g/mol)

λmax 
(nm)

Remazol brilliant blue R (RBBR) C22H16N2Na2O11S3 61,200 626.54 595
Remazol brilliant orange 3R (RBO3R) C20H17N3Na2O11S3 17,757 617.54 490
Remazol brilliant violet 5R (RBV5R) C20H16N3Na3O15S4 18,097 735.58 577
Remazol black B (RBB) C26H21N5Na4O19S6 20,505 991.82 597
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were studied. Kinetic study is carried out by varying the 
initial concentration (0.1, 0.25, 0.5, 0.75, and 1.0 mmol/L) at 
varying time intervals (10, 20, 30, 40, 50, 60, 90, 120, 180, 240, 
300, and 360 min) [19].

2.7. Thermodynamic studies

Thermodynamic properties such as standard free energy, 
standard enthalpy, and standard entropy were evaluated 
under 293, 303, and 313 K using Eqs. (2) and (3).

∆G RT KL° = −  ln  (2)

∆ ∆ ∆G H T S° = ° − °  (3)

where DG° is the standard free energy, DH° is the standard 
enthalpy, DS° is the standard entropy, KL is the Langmuir 
constant (L/mol), T is the temperature in K, and R is the gas 
constant (kJ/mol/K).

The value of DH° and DS° were calculated from the slope 
(–DH°/R) and intercept (DS°/R) of the plot of lnKL vs. 1/T [20].

2.8. Desorption studies

In an attempt to study the practicability of recycling the 
spent biochar for another cycle of sorption, several eluting 
agents were employed to elute the attached dye molecules 
from the utilized biochar. For desorption (elution) experi-
ments, dye-laden biochar in a 250 mL Erlenmeyer flask was 
bought into contact with 100 mL of different elutant. The elu-
tant used in the present study include 0.1 M NaOH, Na2CO3, 
NH4OH, HCl, CH3OH, and ethylenediaminetetraacetic 
acid (EDTA). The influence of solid/liquid (S/L) ratio on 
the desorption potential of adsorbent was determined by 
the varying volume of elutant used. Once the elution pro-
cess was concluded, the dye-free biochar was extensively 
rinsed with deionized water and subsequently contacted 
with 0.5 mmol/L of Remazol dye solution. After equilibrium 
attainment, the biochar was separated from the suspension 
and subjected to desorption. This process of sorption–elution 
was conducted continuously for three cycles to assess the 
regeneration potential of biochar.

3. Results and discussion

3.1. Influence of pyrolysis temperature

Fig. 1 shows that the increase in temperature reduces 
the yield of the biochar. Similar results have been reported 
by Becidan et al. [21] and Tan et al. [22]. This is because at 
elevated temperature seaweed biomass will undergo higher 
decomposition that will result in the degradation of the ele-
mental composition of the biomass. So, it is concluded that 
the biochar samples produced at 300°C were selected as the 
optimum and used for further studies.

3.2. Characterization of biochar

Analyse of an elementary profile of U. reticulata derived 
biochar (ultimate analysis) showed that the increase in tem-
perature decreased the biochar yield. Generally, at elevated 

temperature, biochar yield decreases and bio-oil and bio-
gas yield will increase [13]. The maximum carbon content 
of 31.2% is attained at a temperature of 300°C, whereas 
carbon content of 24.6% is attained at a temperature of 
500°C. The increase in temperature from 300°C to 500°C has 
decreased the carbon yield of about 6.6%. From Table 2, it 
is also evident that the increase in temperature decreased 
H (%), O (%), N (%), and S (%) content. So, the optimum 
pyrolysis temperature is considered as 300°C for the pro-
duction of maximum biochar yield. The proximate analysis 
of U. reticulata showed moisture content of 18.20%, ash con-
tent of 14.71%, volatile matter of 28.15%, and fixed carbon 
content of 62.14%.

Fig. 2 shows the SEM images of raw U. reticulata, biochar 
of U. reticulate, and Remazol dye-loaded samples. In gen-
eral, uneven pores with different sizes were identified over 
the biochar surface and favored the derived biochar to act as 
an adsorbent. SEM images proved that the biochar after dye 
sorption turned to a smooth surface, which indicates that the 
impurities are removed during the dye sorption process in 
acidic conditions [19].

From the Brunauer–Emmett–Teller analyze, the surface 
area of raw and biochar of U. reticulate is found to be 172.50 
and 345.50 m2/g, the pore volume is found to be 0.112 cm3/g 
(raw) and 0.334 cm3/g (biochar), pore radius is found to 
be 12.21 Å (raw), and 19.41 Å (biochar). From the result, it 
is evident that U. reticulata derived biochar is having high 
potential in adsorption than the raw U. reticulata.

Fig. 3 shows the FT-IR spectra of strong bands for 
U. reticulate derived biochar. FT-IR spectra of biochar derived 
from U. reticulate confirmed the presence of strong bands 
such as alcohol (C–O and –OH stretching), carboxyl ((C=O) 
symmetric and C=O stretch of COOH, asymmetric), aromatic 
(C–H stretch), and amine (N–H stretch). From Table 3, it is 
also concluded that there is a shift in the functional group of 
Remazol dye loaded biochar and this may be due to the ion 
exchange between sorbent and dyes used. Hence, the FT-IR 
data revealed the binding of Remazol dyes is due to the func-
tional groups present in the biochar.

3.3. Influence of biochar dosage

The biochar dosage was varied from 1 to 10 g/L (with 
a fixed pH (2), initial dye concentration (0.5 mmol/L), and 

Fig. 1. Effect of different temperature on biochar yield.
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temperature (30°C)) to study the optimum dosage. Fig. 3 
shows the effect of biochar dosage on the dye uptake capacity. 
The adsorption capacity of various Remazol dyes decreased 
to 79% with an increase in biochar dosage up to 10 g/L.  
At lower dosage, all the binding sites will be effectively uti-
lized for the adsorption process, with an increase in dosage 
the binding sites get increased and that results in agglom-
eration. This leads to a decline in the uptake capacity of the 
biochar [24]. Whereas, the removal efficiency increases from 
36.6% to 79.6% (RBB), 41.6% to 86.4% (RBV5R), 45.0% to 
95.8% (RBO3R), and 43.8% to 91.8% (RBBR) while, sorbent 
dosage is increased from 1 to 10 g/L. A sorbent will have a 
sufficient surface area to bind the ions present in the dye mol-
ecules at a high dose [25]. So, from the batch studies, 2 g/L is 
considered as the optimum biochar dosage.

3.4. Influence of equilibrium pH

The pH ranges from 1.75 to 5.0 are selected to study the 
effect of pH in the adsorption process. Fig. 4 proved that 
an increase in pH decreased the uptake capacity. In high 
acidic conditions, the enhancement of Remazol dye sorp-
tion was due to interactions of sorbent and other anions 
(dyes). These reactive dyes exist in solution as negative 
colored ions, thus interacting with positively charged sor-
bent surfaces, which favors the binding of dyes at a lower 
pH of 2. From the results, the optimum pH for the sorp-
tion of Remazol dye is 2. A similar study was carried out 
by Vijayaraghavan and Ashokkumar [26] and reported that 
the optimum pH is 2.0 for the removal of Remazol brilliant 
blue R (Reactive dye) using biochar derived from marine  
seaweed.

3.5. Influence an increase in biochar dosage temperature

Temperature between 25°C and 45°C is maintained to 
study the effect on the adsorption process. The biochar dos-
age, equilibrium pH and initial concentration are kept con-
stant at 2 g/L, 2, and 0.05 mmol/L. From the batch studies, 
it is clear that removal efficiency increases with an increase 
in temperature. The maximum removal efficiency obtained 
at 45°C and 35°C for four dyes were in the order of RBO3R 
(89.8% and 87.8%), RBBR (86.8% and 85%), RBV5R (83.4% 
and 81.4%), and RBB (73.8% and 71.2%). The difference in 
removal efficiency between 45°C and 30°C is found to be less 
than 2% for all dyes. So, in economic aspects and favorable 
environmental conditions, 30°C is fixed as the optimum for 
the adsorption process.

3.6. Sorption isotherms

Isotherm experiment is carried out to predict the 
absorption potential of the sorbent [27]. The initial concen-
tration of 0.05, 0.10, 0.25, 0.50, 0.75, and 1 mmol/L, at con-
stant temperature (30°C), biochar dosage (2 g/L), and pH 
(2.0) is used to study the effect of experimental uptake with 
the predicted uptake of different isotherm models. Table 4 
shows, that an increase in initial concentration increased 
the uptake capacity of sorbent. However, at higher concen-
trations, the uptake capacity is saturated with very little 
increase in the uptake capacity. At an initial concentration 
of 1 mmol/L, the maximum experimental uptake capaci-
ties were estimated as 0.281 (RBO3R), 0.273 (RBBR), 0.253 
(RBV5R), and 0.207 (RBB) mmol/g. Whereas, for an initial 
concentration of 0.05 mmol/L the maximum uptake capacity 
(mmol/g) was estimated as 0.0229 (RBO3R), 0.0226 (RBBR), 
0.0215 (RBV5R), and 0.021 (RBB). From the results, it is also 
calculated that the maximum percentage uptake capacity of 
adsorbate was estimated as 22.9% (RBO3R), 22.55% (RBBR), 
21.5% (RBV5R), and 20.99% (RBB) for 0.05 mmol/L. whereas 
it is estimated as 14.025% (RBO3R), 13.625% (RBBR), 12.66% 
(RBV5R), and 10.35% (RBB) for 1 mmol/L. So, based on the 
uptake by adsorbate, it is concluded that optimum initial 
concentration is 0.05 mmol/L.

The uptake capacity is compared with the two- parameter 
and three-parameter isotherm models to understand the 
correlation between experimental uptake and predicted 
uptake by isotherm models. Fig. 5 shows the experimental 
uptake and predicted uptake of different isotherm models. 
Sathishkumar et al. [28] reported that the Freundlich model 
can be used only for low to intermediate ranges and the 
Langmuir model assumes that the sorbent is sorbed to the 
adsorbent by physical forces in general and that all binding 
groups have the same affinity to the adsorbent [29].

Of all the isotherm models, prediction by the Toth 
model is well in accordance with the experimental values 
with the lowest average % error values (<3.81%) and the high-
est correlation coefficient values (>0.997). Similar to exper-
imental uptake (Qe) the uptake capacity predicted (QCal) by 
the Toth model was also found to be maximum for RBO3R, 
and minimum for RBB.

3.7. Sorption kinetics

The process conditions for the kinetic studies are car-
ried out by varying the dye concentration (0.1–1 mmol/L) 
with a fixed pH of 2.0 and a temperature of 30°C. The con-
tact time is playing an important role in kinetic studies. 

Table 2
Ultimate analysis of biochar prepared from Ulva reticulate at different pyrolysis temperatures

Biochar Temperature (°C) C (%) H (%) O (%) N (%) S (%)

U. reticulata- 
derived biochar

300 31.2 ± 1.2 3.6 ± 0.2 24.6 ± 0.8 4.4 ± 0.2 5.9 ± 0.8
350 29.1 ± 1.3 3.2 ± 0.3 23.5 ± 0.9 4.3 ± 0.2 5.2 ± 0.2
400 27.6 ± 1.1 2.9 ± 0.2 22.6 ± 1.2 3.9 ± 0.1 4.6 ± 0.2
450 25.4 ± 0.9 2.3 ± 0.1 22.1 ± 1.3 3.5 ± 0.1 3.8 ± 0.1
500 24.6 ± 0.4 1.5 ± 0.1 16.5 ± 0.6 2.7 ± 0.1 3.2 ± 0.2

Mean ± SD
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From Fig. 6, it is evident that during the kinetic study, the 
dye sorption capacity was high for the first 60 min and 
with an increase in contact time, the sorption capacity is 
reduced. Since 0.1 mmol/L achieved 90% of total sorption 
in 60 min whereas, it took 120 min for an initial concentra-
tion of 1 mmol/L. from the kinetic studies, it is also con-
cluded that the equilibrium contact time was estimated 

as 300 min. In an attempt to evaluate the kinetic data, the 
pseudo-first and pseudo-second-order kinetic models 
were utilized. The pseudo-first-order model provided bet-
ter results as shown in Table 5. Based on high R2 and low 
percentage error values, the pseudo-second-order kinetic 
model’s prediction was better than the pseudo-first-order 
model. (Table 5). It should also be noted that the adsorption 
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Fig. 2. Scanning electron micrographs of Ulva reticulata (a), Ulva reticulata-derived biochar (b), RBB-loaded biochar (c), RBV5R-loaded 
biochar (d), RBO3R-loaded biochar (e), and RBBR-loaded biochar (f) [23].
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capacity predicted by the pseudo-second-order model was 
higher than the experimental uptakes (Table 5), which indi-
cates that the biochar exhibits substantial surface hetero-
genicity [30]. It also reveals that boundary layer thickness 
and external mass transfer strongly influences the adsorp-
tion, without resistance to mass transfer within the pores 
of the sorbent. Moreover, adsorption on boundary layer is 
strongly governed by the electron-donor forces between 
these anionic dyes and positively charged biochar [31,32]. 
This is agreeable with the results obtained from the effect of 
pH, since the optimum pH for the removal of Remazol dyes 
is 2, which indicates the surface of the biochar is charged 
with positive ions (H+) that enhance the maximum removal 
efficiency. The uptake of each dye concerning the time at 
varying initial concentrations is shown in Fig. 6.

3.8. Thermodynamic studies

Thermodynamic parameters were calculated by carry-
ing out experiments at three different temperatures (293, 
303, and 313 K). From the plot lnKL vs. 1/T, it is possible to 
calculate the thermodynamic parameters. Table 6 demon-
strates the thermodynamic parameters for four Remazol 
dyes at different temperatures (293, 303, and 313 K). The 
+DH° indicates that the reaction is endothermic and it 
also indicates that the chemical behavior of Remazol dyes 
by biochar, from which the Remazol dyes stay bound to 

U. reticulata derived biochar surface groups with strong 
interactive forces, nearly as a chemical bond [33]. Similarly, 
a positive value of DS° reflects the adsorbent’s affinity to 
the adsorbed species that shows a certain degree of dis-
order over Remazol dye – biochar interface, which may 
be related to heterogeneous multilayer character of the 
adsorption since Toth model fits the experimental data. The 
DG° was found to be negative for all three temperatures 
and reveals that reactions are spontaneous at all tempera-
tures. The negative (–) value indicates that the reactions 
did not occur under a given set of conditions without inter-
vention. These negative values also prove that chemical 
sorption takes place during the adsorption process [34].

3.9. Desorption studies

Desorption studies were carried out with several elutant 
such as Na2CO3, NH4OH, 0.01 M NaOH, EDTA, CH3OH, and 
HCl. From the results, it is concluded that alkaline mediums 
performed well in desorption studies when compared to 
the acidic mediums. For instance, the maximum desorption 
efficiency observed was 99.3%, 98.1%, and 90.7% in the case 
of NaOH, Na2CO3, and NH4OH when employed for RBB-
loaded U. reticulata derived biochar. Acidic elutant such as 
HCL, CH3OH, and EDTA were performed with a very low 
desorption efficiency of less than 2.7% (Fig. 7). This may be 
because desorption is the reversible reaction of adsorption. 

Fig. 3. Effect of biochar dosage on uptake capacity of U. reticula-
ta-derived biochar for Remazol dyes. Fig. 4. Effect of solution pH on the removal efficiency of 

U. reticulata-derived biochar for Remazol dyes.

Table 3
FT-IR spectra stretching frequencies as detected in U. reticulata-derived biochar and dye-bounded U. reticulata derived biochar [23]

Assignment Wavenumber (cm–1)

U. reticulata- 
derived 
biochar

RBB-bounded 
U. reticulata 
derived biochar

RBV5R-bounded 
U. reticulata 
derived biochar

RBO3R-bounded 
U. reticulata 
derived biochar

RBBR-bounded 
U. reticulata 
derived biochar

C–O (alcohol) band 1,121 1,129 1,125 1,128 1,122
symmetric C=O 1,423 1,437 1,429 1,432 1,425
asymmetric C=O stretch of COOH 1,631 1,635 1,637 1,639 1,640
C–H stretch 2,984 2,981 2,985 2,984 2,988
–NH, –OH stretching 3,477 3,479 3,483 3,481 3,476
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From the batch studies, it is found that pH 2 is the optimum 
and indicates that the solution is highly acidic. So, the elu-
tant that are in acidic nature performed poor and the elutant 
that are in alkaline in nature performed better due to the 
opposite charge reactions. The S/L ratio for NaOH is further 
studied to calculate the effective usage of sorbent to elutant. 
From the result (Fig. 8), it is found that up to the S/L ratio 
of 5 the desorption efficiency is always greater than 99.2% 
for all four Remazol dyes. But, if S/L ratio is increased to 
5.56, desorption efficiency is decreased to a minimum of  
96.1%, 95.3%, 94.3%, and 94.8% for RBB, RBV5R, RBO3R, 
and RBBR. The regeneration was conducted to find the 
reusability of an adsorbent and three sorbent–elution cycles 
were employed. From the result (Fig. 9), for all the dyes, 
the desorption efficiency was not less than 99.1%.

4. Conclusion

The maximum removal efficiency of 91.6% is achieved 
for Remazol brilliant orange 3R (RBO3R) at a temperature 
of 30°C, pH of 2.0, biochar dosage of 2 g/L, and initial con-
centration of 0.05 mmol/L. Whereas the removal efficiency 
for RBB, RBV5R, and RBBR at the same operating conditions 
was found to be 83.8%, 86%, and 90.20%. The Toth model was 
found to be better in prediction with an R2 value of not less 
than 0.9968 and % error value not greater than 3.8102. It is 
also concluded that the predicted uptake of isotherm models 
was in the order of RBO3R > RBB > RBV5R > RBBR and it is 

Table 4
Isotherm model parameters during adsorption of Remazol dyes 
by Ulva reticulata derived biochar

Models RBB RBV5R RBO3R RBBR

Langmuir Qmax 0.2381 0.2969 0.3128 0.3101
bL 15.783 17.1117 29.9727 23.0724
R2 0.9934 0.9868 0.9874 0.9912
% error 7.2655 12.625 15.21 11.718

Freundlich KF 0.2811 0.372 0.4153 0.405
nF 2.7501 2.6514 2.9699 2.801
R2 0.925 0.909 0.898 0.9108
% error 26.691 35.522 40.728 36.791

Sips KS 10.878 25.7526 59.7507 31.5741
aS 49.8879 97.5379 210.295 112.241
βS 1.3108 1.4664 1.4509 1.3888
R2 0.9989 0.9981 0.9964 0.9997
% error 2.35281 4.30683 5.0127 2.31254

Toth Qmax 0.2106 0.254 0.2814 0.2752
bT 12.0179 12.2596 22.8192 17.5557
nT 0.5489 0.4103 0.5458 0.5389
R2 0.9999 0.9999 0.9968 0.9995
% error 0.87708 0.20836 3.8102 2.0252

*Qmax in mmol/g; bL in L/mmol; KF in mmol/g (L/mmol)1/nF; KS in 
(L/g)βS; aS in (L/mmol)βS; bT in L/mmol.

Fig. 5. Predicted dye sorption isotherms observed for RBB, RBV5R, RBO3R, and RBBR.
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Table 5
Kinetic parameters of pseudo-first-order and pseudo-second-order model during sorption of Remazol dyes onto Ulva reticulata- derived 
biochar

Dyes Model Model 
constants

0.10 mmol/L 0.25 mmol/L 0.50 mmol/L 0.75 mmol/L 1.0 mmol/L

RBB

Pseudo-first- 
 order

Qe 0.0416 0.1001 0.1770 0.1990 0.1987
K1 0.0325 0.0411 0.0485 0.0526 0.0685
R2 0.9970 0.9979 0.9991 0.9952 0.9856
% error 0.1089 0.6374 0.1354 0.5898 0.0821

Pseudo-second- 
order

Qe 0.0465 0.1102 0.1923 0.2152 0.2138
K2 0.9487 0.5373 0.3923 0.3932 0.5270
R2 0.9795 0.9787 0.9817 0.9924 0.9919
% error –1.9137 –2.2063 –1.1259 –0.4484 –0.4537

RBV5R

Pseudo-first- 
order

Qe 0.0419 0.1051 0.2008 0.2414 0.2478
K1 0.0602 0.0630 0.0466 0.0565 0.0629
R2 0.9896 0.9972 0.9965 0.9876 0.9949
% error 0.5658 0.2707 0.4972 0.3997 0.2299

Pseudo- second-
order

Qe 0.0452 0.1126 0.2186 0.2609 0.2664
K2 2.1839 0.9518 0.3293 0.3500 0.3922
R2 0.9970 0.9877 0.9899 0.9920 0.9919
% error –0.2579 –0.4883 –0.7938 –0.5313 –0.5037

RBO3R

Pseudo-first-  
order

Qe 0.0446 0.1129 0.2177 0.2644 0.2707
K1 0.0561 0.0579 0.0452 0.0541 0.0625
R2 0.9877 0.9888 0.9980 0.9870 0.9820
% error 0.8084 0.6646 0.4960 0.6939 0.5856

Pseudo-second- 
order

Qe 0.0481 0.1215 0.2373 0.2861 0.2913
K2 1.9338 0.7910 0.2921 0.3037 0.3573
R2 0.9959 0.9969 0.9880 0.9971 0.9985
% error –0.2360 –0.1327 –0.8700 –0.2291 –0.0961

RBBR

Pseudo-first-  
order

Qe 0.0438 0.1106 0.2121 0.2596 0.2652
K1 0.0559 0.0501 0.0421 0.0431 0.0548
R2 0.9892 0.9967 0.9987 0.9944 0.9903
% error 0.6519 0.4738 0.2654 0.7203 0.6244

Pseudo-second- 
order

Qe 0.0472 0.1201 0.2326 0.2839 0.2868
K2 1.9434 0.6535 0.2670 0.2293 0.3079
R2 0.9955 0.9920 0.9781 0.9920 0.9963
% error –0.1790 –0.6551 –1.856 –0.7086 –0.3121

*Qe in mmol/g; K1 in 1/min, K2 in g/mmol min

Table 6
Thermodynamic parameters for the adsorption of Remazol dyes by Ulva reticulata at different temperatures

Dye Temperature (K) KL (L/mol) ∆G° (kJ/mol) ∆H° (kJ/mol) ∆S° (J/mol/K)

RBB
293 11,764.50 –22.83 13.74 67.69
303 15,783.40 –24.35
313 16,830.50 –25.32

RBV5R
293 12,935.97 –23.06 13.79 68.61
303 17,113.11 –24.56
313 18,536.95 –25.58

RBO3R
293 15,618.65 –23.52 27.94 118.98
303 29,975.15 –25.97
313 32,314.42 –27.02

RBBR
293 14,919.70 –23.41 22.42 99.35
303 23,075.21 –25.31
313 26,786.06 –26.53
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in line with experimental uptake. From the kinetics studies, 
it is evident that the equilibrium contact time is 300 min and 
second- order kinetics is found to best fit. The thermody-
namic studies showed that the reactions are spontaneous 
and endothermic. Desorption studies proved that NaOH 
is the best elutant of all other elutant used and maximum 
desorption efficiency of 99.6% is achieved for RBV5R. From 
these results, it is concluded that the biochar derived from 
U. reticulata can be effectively used as an adsorbent.
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