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Abstract
The primary purpose of this study is to synthesize biochar (Fe-SB) derived from sucrose through hydrothermal carbonization 
coupling with goethite activation and utilize it as an adsorbent to remove methylene blue (MB). FTIR, SEM, and BET were 
used to analyze the biochar characterization. Factors affecting the adsorption of MB on Fe-SB, including temperature, pH, 
salt, and different water sources, were also meticulously investigated. SEM results indicate that the morphology of the biochar 
derived from sucrose has a spherical shape, and the goethite crystal has a needle-like structure that successfully deposits 
on the adsorbent. The specific surface area of Fe-SB is 568  m2/g and contains enormous functional groups of O–H, C = C, 
and C–O. In the condition of pH 8, Fe-SB had a maximum adsorption capability of 476.2 mg/g. The adsorption capacity 
of biochar for MB removal consists of various adsorption mechanisms. In conclusion, Fe-SB, a novel material, pinpoints a 
promising and environmentally friendly adsorbent for the removal of MB from aquatic environment.
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Introduction

Dyes that appear in wastewater systems can be associ-
ated with some industrial activities like the paper indus-
try, leather industry, and paint powder from the colorful 
products they create using dyes and pigments [1, 2]. There 
are more than 700,000 tons of dyes which are produced 
each year, and due to ineffective dyeing methods, almost 
200,000 tons of synthetic dyes have been discharged into 
a water source [3]. Wastewater contains dyes that are 
extremely hard to treat and harmful by their toxic and car-
cinogenic features [4]. Therefore, if the quality of outlet 
wastewater containing dyes does not have a sufficient treat-
ment method before being discharged out to the environ-
ment, it could change the color of the water and affect 
aqueous creatures, as well as human health by accumu-
lating in our bodies [5–7]. One of the dyestuffs usually 
used in the textile industry in Vietnam can be named is 
the thiazine dye methylene blue (MB). When exposed to 
MB, the human body will suffer some changes, including 
vomit, high blood pressure (causing cardiovascular dis-
ease), headaches, and shortness of breath [8]. Moreover, 
methylene blue can cause cancer as indicated by many 
previous studies; particularly, the study by Auerbach et al. 
[9] has found that the incidences of pancreatic islet cell 
adenoma and adenoma or carcinoma (combined) were 
increased in all groups of male rats that were exposed 
to MB. On the other hand, many treatment methods and 
technologies were used aim to remove dyes in wastewater, 
typically membrane filtration [10, 11], ion exchange, elec-
trochemistry, flocculation, microbes, sludge, coagulation, 
electrolysis, anaerobic hydrolysis, and advanced oxidation 
process [11–15], but the most capable and cost-effective 
method is adsorption [16–19].

Biochar is an adsorbent that has a wide range of precur-
sor materials like industrial waste [20], agricultural by-
products [21–23], such as studies on using eggplant peel 
as a biological adsorbent have demonstrated its effective-
ness in treating domestic wastewater contaminated with oil 
[24], livestock manure [25, 26], and sludge [27]. Moreo-
ver, activating-biochar is considered a potential adsorbent 
because of its high porosity [23, 28], and high internal 
and external surface area [28], and contain an enormous 
number of functional groups [20, 23]. Sucrose has been 
widely used as a precursor material to synthesize adsor-
bent material due to its marvelous features like high spe-
cific surface area, multiple surface functional groups, and 
the like [29, 30]. For instance, activated carbon made from 
sucrose and KOH chemical activation performs incredibly 
well at removing methylene blue, with a maximum capac-
ity of 704.2 mg/g [31]. Moreover, the activated carbon 
has achieved a huge BET surface area of 1534  m2/g and a 

volume of 0.765  cm3/g. In another study, low-cost-sugar-
based materials were synthesized using glucose, sucrose, 
and molasses and utilizing them to remove metals in water 
[32]. The sucrose-based adsorbent exhibited its ability for 
heavy metal ions removal in water, particularly As (V), 
Zn (II), and Cd (II). Besides, a common iron oxyhydrox-
ide found in sediments, rocks, and soils called goethite 
(α-FeOOH) is very stable in the natural world. Recently, 
α-FeOOH has been discovered to be an excellent material 
for removing metal ions from water due to its reasonable 
cost, naturally abundant, nontoxicity, high specific sur-
face area, and compatible structure [33]. In another study, 
Zhang et al. [34] prepared an adsorbent through one-step 
hydrothermal supported by α-FeOOH and manipulated 
it to remove  Pb2+. The adsorbent equilibrium adsorp-
tion ability achieves up to 103.04 mg/g. Moreover, the 
adsorbent still retains its great removal performance 
of 77.3 mg/g after five reused cycles. It shows that the 
α-FeOOH is a great material to synthesize biochar-acti-
vated carbon.

For the aforementioned reasons, this study focuses on 
creating a novel composite of Fe-SB to remove MB from 
the water and evaluate its potential by analyzing the affect-
ing parameters, including effects of adsorbent dosage, initial 
pH, initial MB concentration, reaction temperature, and con-
tact time. Besides, the Fe-SB was characterized using BET, 
FTIR, and SEM analysis methods. Based on the results from 
the experiment and material characterization, the adsorp-
tion mechanism, kinetics, and equilibrium isotherm are also 
analyzed.

Materials and Methods

Chemicals

Sucrose  (C12H22O11), Sulfuric acid  (H2SO4), Hydrochloric 
acid (HCl), Sodium hydroxide (NaOH), Methylene Blue 
 (C16H18ClN3S), Ethanol  (C2H5OH), and Iron (III) chloride 
hexahydrate  (FeCl3.6H2O) were provided from Beijing 
Chemical Co. Ltd., China and qualified as an analytical 
grade. All solutions were prepared using double distilled 
(DI) water during the entire experiment. The characteristics 
of methylene blue are shown in Table 1.

Preparation of Hydrochar and Biochar

Hydrothermal carbonization experiments were conducted 
using autoclave reactor instrument equipment. For each run, 
30 g of sucrose and 150 mL of DI water (1:3, w/w) were 
transferred to the reaction vessel with the temperature heated 
to 190 °C for 6 h in a drying oven. Then, the hydrochar was 
dried in an oven at 60 °C overnight before being soaked in 



Modified Sucrose Biochar Goethite (α-FeOOH): A Potential Adsorbent for Methylene Blue Removal  

100 mL ethanol for 3 h. The product was further cleaned 
with DI water many times using the vacuum filter. Next, the 
solid was dried in the oven at 105 °C for 24 h, and labeled 
as sucrose biochar (SB).

α-FeOOH was prepared to create crystalline materials by 
the precipitation method. In this procedure, 50 mL of 1 M 
 FeCl3 and 90 mL of 5 M NaOH were poured into 860 mL of 
DI water in a 1000 mL beaker. The mixture was then stirred 
using a magnetic stirrer at 250 rpm. For 5 min, the solu-
tion was carefully mixed [35]. The precipitates were aged 
in an oven at 70 °C for 24 h, and then, it was resuspended in 
DI water and centrifuged until the pH and conductivity of 
the supernatant solution remained constant. Subsequently, 
the goethite was dried at 105 °C for 24 h and denoted as 
α-FeOOH. The reaction follows the Eq. (1):

In recent studies, researchers often focus on the per-
formance of goethite and biochar composites with weight 

(1)
FeCl

3
⋅ 6H

2
O + 3NaOH ⇔ �-FeOOH + 3NaCl + 7H

2
O.

ratios of 1:1 or 2:1 (goethite more than biochar), respectively 
[36–38]. Therefore, in this study, a new ratio of 1:4 was 
applied to evaluate the performance when the amount of 
goethite is much lower than that of biochar, positioning goe-
thite as a supportive feature for the adsorption performance 
of biochar. The biochar was activated by immersing SB with 
α-FeOOH in 20 mL of DI water (1:4, w/w), stirring for 2 h 
at the speed of 200 rpm, followed by oven drying at 105 °C 
for 24 h. Next, the product was heated to 800 °C in a muf-
fle furnace at a rate of 10 °C/min, and the temperature was 
held for 2 h. After that, the solid was washed several times 
with DI water until the impurities were removed. Finally, the 
obtained biochar was placed in an oven at 60 °C for 24 h, and 
designated Fe-SB (Fig. 1).

Material Characterization

Various analysis methods were used to clarify the Fe-SB 
characteristic. The surface morphology of Fe-SB and 
sucrose biochar was acquired using SEM Hitachi S-4800, 

Table 1  Properties of methylene blue

Molecular formula Molecular structure p Ka Solubility (25 ◦C) Molar mass 
(g/mol)

C16H24ClN3O3S 3.8 10% 373.90

Fig. 1  Methodology for preparation of Fe-SB
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Japan. Brunauer–Emmett–Teller (BET) multipoint method 
was applied to calculate the BET surface area  (SBET). The 
biochar was pelleted using KBr before analysis of the sur-
face functional groups using the Fourier-transform infra-
red (FTIR) spectrometer PerkinElmer MIR/NIR Frontier, 
US. The IR spectrum was obtained and performed over the 
range of 400–4000  cm−1. The point of zero charge  (pHPZC) 
of the Fe-SB was determined using the method described 
previously by Jang and Kan [39], Nguyen et al [40]. The 
 pHPZC of Fe-SB was indicated by adjusting the pH value 
 (pHBefore) of 100 mL NaCl solutions ranging from 2.0 ± 0.1 
to 10 ± 0.1 using HCl or NaOH 0.1  M, then adding in 
0.02 g Fe-SB. The mixtures were shaken for 3 h at 25 °C, 
then separated by filtered papers  (pHAfter). The  pHPZC of 
Fe-SB was estimated through the plot of  pHBefore versus the 
∆pH = ||pHAfter − pHBefore

||.

MB Adsorption Experiments

All MB adsorption experiments were conducted in 50 mL 
centrifuge tubes and shaken in an oscillation bath at room 
temperature (Fig. 2). For adsorption kinetic, 30 mL of MB 
solution with an initial concentration of 150 mg/L was 
poured into a tube, followed by 0.5 g/L of adsorbent. At 
a specified period of time, sample was taken and filtrated 
through a 0.45-mm Whatman® membrane filter. The resid-
ual MB concentration in filtrate was analyzed by a UV–vis-
ible spectrophotometer (Hitachi U2910) at the wavelength 
of 664 nm. The following equation was used to determine 
the adsorption capacity of Fe-SB at its equilibrium time:

where qe (mg/g) is the MB adsorption capacity, C0 and Ce 
(mg/L) are the initial and equilibrium concentrations, and 
W (g) is the weight of Fe-SB, V (L) is the volume of the 
reaction solution.

(2)qe =
(C0 − Ce) × V

W
,

Adsorption isotherms of MB onto adsorbent were investi-
gated under an initial MB stock solution containing a range 
of MB concentrations (25–800 mg/L) and shaken for 7 h. 
To investigate the effect of pH on the adsorption capacity of 
adsorbent, the stock solution containing 150 mg/L of MB 
was pH-adjusted using 0.1 M HCl and 0.1 M NaOH to a 
range of 2–11. An investigation into the influence of salt on 
the MB adsorption on Fe-SB was carried out using a range 
of NaCl concentrations (0.01–1 M). Each experiment was 
performed in triplicate under similar conditions.

Adsorption Kinetic and Isotherm Models

The adsorption kinetics was based on the results of the 
experiment on the contact time of the adsorption process. 
The equation of pseudo-first-order and pseudo-second-order 
models are presented in Eqs. (3), (4) [1]

where k1, k2 are the pseudo-first and second-order constant 
(1/min), qe (mg/g) is the equilibrium adsorption capacity, 
and qt (mg/g) is the adsorption capacity at time t (min).

The adsorption kinetics relate to pseudo-second-order 
model, and an energetically heterogeneous surface fre-
quently fits to Elovich model [41]. The diffusion of particles 
in the adsorption process was plotted in the intra-particle 
diffusion model (IPD) [42] to identify. This study calculates 
those two models using Eqs. (5), (6)

where qt (mg/g) is the adsorption capacity at time t (min). 
α is the initial adsorption rate, β is the desorption constant. 
Kid is the intra-particle diffusion rate (mg/g  min−0.5), and Ci 
offers the information about the thickness of the boundary 
layer.

Adsorption Isotherm

Using the equilibrium concentration (Ce) and equilibrium 
adsorption capacity (qe), many isotherm models were calcu-
lated. Langmuir model [43, 44] relates to some assumptions, 
including equivalent energy sites, monolayer adsorption, and 
reversible adsorption. On the other hand, the Freundlich 
model [45] describes a multilayer adsorption ability that is 

(3)log
(
qe − qt

)
= logqe −

(
k1

2.303

)

t

(4)
t

qt
=

1

k2qe
2
+

t

qe
,

(5)qt =
1

β
ln(��t + 1)

(6)qt = Kidt
0.5 + Ci,

Fig. 2  Batch adsorption procedure
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reversible and a heterogeneous surface. Langmuir and Fre-
undlich equation are presented in Eqs. (7) and (8)

where qmax (mg/g) and Ce (mg/L) are the maximum adsorp-
tion capacity and equilibrium concentration, respectively. KL 
and KF is the Langmuir constant and Freundlich constant. 
This parameter specifies the degree of isotherm in the fol-
lowing way: favorable (RL < 1), linear (RL = 1), unfavorable 
(RL > 1), or irreversible (RL = 0).

Adsorption Thermodynamics

To investigate the effect of temperature on the adsorption 
process, changes in enthalpy (ΔH°, kJ/ mol), entropy (ΔS°, 
kJ/mol), and Gibbs free energy (ΔG°, kJ/mol) were studied 
using Eqs. (9)–(12)

where Ce (mg/L) is the equilibrium concentration of MB, 
CAe (mg/L) is the amount of MB adsorbed on the Fe-SB 
per liter of solution at equilibrium. R is the universal gas 
constant (8.314 J/mol/K).  Kc is the equilibrium constant, 
and T (K) is the experiment temperature. From the slope 
and intercept of plot log Kc with 1/T, the ΔH° and ΔS° can 
be calculated.

Results and Discussion

Characterization of Fe‑SB

Through SEM analysis, Fig. 3a shows the morphology struc-
ture of SB. It can be observed that SB has a spherical struc-
ture, smooth surface, and the carbon was found to be various 
in size, ranging from 2 to 10 μm [31]. This structure can 
offer a rigid stable skeleton and efficiently load α-FeOOH 
nanorods on the surface. Therefore, Fig. 3b shows that the 
crystals of α-FeOOH nanorods were well developed on the 

(7)qe =
KLqmaxCe

1 + KLCe

(8)qe = KFC
1∕n
e

,

(9)ΔG = −RTln(Kc)

(10)ΔG = ΔH◦ − TΔS◦

(11)LogKc =
(

ΔS◦

2.303R

)
−
(

ΔH◦

2.303RT

)

(12)Kc =
CAe

Ce

,

Fe-SB surface, exhibiting a needle-like shape with lengths 
ranging from 5 to 10 µm. This indicates that goethite was 
successfully attached to the biochar surface, enhancing its 
surface roughness. This result is consistent with the SEM 
images of α-FeOOH reported in the study by Zhang et al. 
[46].

Figure 3c shows the FTIR spectra of the two materials 
in the wavenumber range from 4000  cm−1 to 400  cm−1. It 
can be seen that the SB surface has few functional groups, 
because it has just undergone hydrothermal carbonization 
at a low temperature. On the contrary, after SB was com-
bined with α-FeOOH and heated at 800 °C, more diverse 
functional groups appeared on the surface of Fe-SB. In par-
ticular, the peaks at 3322  cm−1 and 1157  cm−1 of Fe-SB are 
related to the O–H and C–OH-stretching vibrations, respec-
tively [47]. The peaks at 1707  cm−1 and 1550  cm−1 of the 
SB are assigned to the C = O vibration and C = C ring stretch 
vibrations, which reduce to a C = O peak at 1687  cm−1 after 
pyrolysis to synthesize Fe-SB [47, 48]. These functional 
groups provide the most suitable features to enhance the 
MB adsorption capacity [49, 50]. Furthermore, the 636 and 
555  cm−1 peaks are related to Fe–O-stretching and Fe–OH-
bending vibrations in α-FeOOH that indicated the presence 
of α-FeOOH in the Fe-SB material [46, 51].

Besides, according to the BET analysis method, the spe-
cific surface area of the Fe-SB was 568  m2/g. Materials with 
large specific surface areas are considered more favorable in 
adsorbing pollutants [52, 53]. The specific surface area of 
Fe-SB is significantly larger than other precursor materials 
like sludge-derived biochar (25  m2/g) [54], cattle manure-
derived low temperature (3.6  m2/g) [55], and coconut fiber 
biochar (402.4  m2/g) [56].

The Adsorption of MB onto Fe‑SB

pH is attributed to be an important parameter that affects 
the ability to adsorb contaminants in aquatic environments. 
Figure 4a displays the investigation of the adsorption of MB 
onto Fe-SB over a pH range of 2–11. The experiments were 
performed at an MB concentration of 40 mg/L. As can be 
seen, the adsorption capacity is lowest at pH-2, and then, 
the adsorption efficiency tends to increase gradually with 
the rise of pH. The adsorption capacity hits the peak at pH 8 
(153 mg/g), followed by progressively decreasing to pH-11.

At low pH, poor adsorption capacity is due to  H+ ions 
in the solution competing for adsorption sites on the 
biochar surface. As the pH increases, the release of  H+ 
ions into the solution gradually decreases, and the com-
petition steadily disappears, leading to increased adsorp-
tion capacity. The above adsorption tendency is related 
to the potential of the Fe-SB. Notably, the  pHpzc value 
of Fe-SB is 7.0 (Fig. 4b), which is lower than the opti-
mal pH value of the adsorption process. When solution 
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Fig. 3  SEM image of SB (a); SEM image of Fe-SB (b); FTIR analysis of Fe-SB and SB (c)

Fig. 4  The effect of initial pH on MB adsorption onto Fe-SB (a) and  pHPZC (b)
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pH >  pHpzc, the cation of MB ion  (MB+) easily binds to 
the negative potential surface of Fe-SB through electro-
static attraction. In addition, the strong deprotonation 
of the carboxyl group at neutral pH also contributes to 
increasing the binding of C = O on the surface of Fe-SB 
with MB [4]. When pH > 8, the carboxyl acid group is 
inhibited, and the activity of this group is reduced, lead-
ing to reduced adsorption capacity. Consequently, pH 8 
was chosen as the ideal pH for the experimental condition 
of this research.

Adsorption Kinetic

The kinetics models are used to represent the maximum 
pollutant adsorption capacity of a material in the saturated 
state. Data on the effect of contact time on the adsorption 
process were matched to pseudo-first-order, pseudo-second-
order, Elovich, and intra-particle diffusion kinetic models 
(Fig. 5a) to identify the adsorption mechanism of Fe-SB. 
As shown in Table 2, the correlation factor of the Elovich 
model (R2 = 0.9907) is the highest among other models. The 
Elovich model describes the material as having an energeti-
cally heterogeneous surface and is involved in a second-
order model associated with the nature of chemical adsorp-
tion [42, 57, 58]. Correspondingly, the model calculation of 
the adsorption process shows the pseudo-second-order has 
a high R2 (0.9438), and it pointed out that the adsorption of 
MB by Fe-SB is primarily classified as chemical adsorp-
tion. However, the Elovich model clarifies more information 
about the adsorption mechanism in this study. In addition, 
one stage entwined in the adsorption process usually cal-
culated is intra-particle diffusion model. In this study, the 

intra-particle diffusion model performs a  R2 = 0.5160 with 
the adsorption process. This shows that the uptake value 
is more ratio with contact time than square root on time 
(t1/2). The chemisorption behavior of MB on goethite-based 
adsorbent was also found in many previous studies [59–62].

Adsorption Isotherms

Figure 5b shows the isotherm adsorption curve using Lang-
muir and Freundlich models and parameters from the two 
models. The adsorption process takes place quickly at the 
initial concentration and then reaches equilibrium when 
raised to a high concentration. At equilibrium, the adsorption 

Fig. 5  Adsorption kinetic of pseudo-first-order, pseudo-second-order, 
Elovich, and intra-particle diffusion (a), The Langmuir and Freun-
dlich isotherm models to the adsorption data of MB onto the Fe-SB 

(b). Experimental condition: [Fe-SB] = 0.5  g/L, pH = 8, T = 25 0C, 
[MB] = 150  mg/L for adsorption kinetic, and [MB] = 25–800  mg/L 
for adsorption isotherm

Table 2  Adsorption kinetic parameters of MB

Kinetic model Parameters

qe experiment 154 mg/g
Pseudo-first order qe calculated 139 mg/g

K1 0.8466
R2 0.8987

Pseudo-second order qe calculated 143
K2 0.00945
R2 0.9438

Elovich A 209,243.34442
B 0.10305
R2 0.9907

Intra Particle Diffusion Kdiff 4.02451
C 90.57413
R2 0.5160
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capacity is 476.2 mg/g, based on the Langmuir model. In the 
Freundlich model, the 1/n parameter was less than one, indi-
cating the occurrence of a chemisorption interaction [42]. 
Recognizably, two models have the experiment data with a 
high R2 (> 0.95). This result shows the assumption involv-
ing two models appears in the adsorption process in this 
study, demonstrating that the adsorption process of MB on 
Fe-SB occurs simultaneously with monolayer and multilayer 
adsorption. H-bonding, electron donor and acceptor, and π–π 
interaction are the main mechanisms contributing to the iso-
thermal adsorption of Fe-SB. When compared with previous 
research results, the maximum adsorption capacity of MB 
on Fe-SB was higher than that of other adsorbents (Table 3).

Adsorption Thermodynamics

The thermodynamic characteristics of MB adsorption on 
Fe-SB were described using the thermodynamic factors of 
free energy change  ΔGo (KJ/mol), enthalpy change ΔHo 
(KJ/mol), and entropy change ΔSo (J/K.mol). Table 4 dis-
plays the thermodynamic factors of MB adsorption. The 
heat-releasing and spontaneous nature of the adsorption pro-
cess is indicated by the negative ΔH and positive ΔG [67]. 
As the temperature of adsorption increases, the adsorption 
capacity also increases. The values of ΔG for the adsorp-
tion of MB onto Fe-SB were determined at 283 K, 304 K, 
and 315 K. It was observed that ΔG decreases as the tem-
perature increases, suggesting that adsorption becomes more 

favorable at higher temperatures, and the MB adsorption 
on Fe-SB is thermodynamically spontaneous [68]. A strong 
interaction between the adsorbate and adsorbent is described 
by the high value of ΔH  [69]. The value of ΔH < 0 suggests 
an exothermic adsorption process. The positive values of 
ΔS indicate an increase in casualness at the solid/solution 
interface throughout the adsorption process [67].

Effect of Salts on MB Adsorption and Application 
to Actual Samples

The effluents from textile industries contain a considerable 
quantity of salts. Therefore, it is essential to investigate the 
impact of salt on the adsorption process. The presence of salt 
in the aqueous solution is attributed to hindering the binding 
affinity between the adsorbent surface and the MB, which 
ultimately influences the capacity of adsorption [70]. The 
effect of salts on MB adsorption has been examined using 
sodium chloride (NaCl) salt (Fig. 6a). The finding indicated 
that the presence of NaCl salt resulted in a reduction in the 
MB dye removal capacity.

The study utilized four water sources, including DI, 
tap, ground, and river water, to evaluate the selectivity 
of adsorbent toward MB in the adsorption process. As 
expected, the adsorption capacity of Fe-SB decreases in 
the order of DI (206.29 mg/g) > tap (88.98 mg/g) > ground 
(81.39 mg/g) > river (80.58 mg/g) (Fig. 6b). Furthermore, 
the conductivity of the water samples increases in the 

Table 3  Maximum adsorption capacity (qmax) data for MB documented in the literature

Fe-SB: Modified Sucrose Biochar Goethite (α-FeOOH), MB: Methylene Blue

Adsorbents pH Pyrolysis conditions Initial MB (mg/L) Volume (mL) Biochar 
dosage 
(g/L)

q
max

(mg/g) Reference

Activated carbon 7 110 °C 6 h 100 10 0.04 58.14 [63]
The biochar derived from Cedrela 

odorata seeds
any pH 400 °C 1 h 100 25 0.03 158.8 [64]

Eucalyptus camdulensis biochar 6 800 °C 3 h 100 100 0.3 123.3 [65]
Biochar derived from Cattle manure 3–4 200 °C 0.5 h 200 20 0.05 241.99 [55]
Sludge-based biochar 11 550 °C 24 h 50 -100 20 6.0 24.10 [54]
Sludge-based magnetic biochar 12–14 750 °C 2 h 50 20 5.0 50 [66]
Olive stone 8–10 110 °C 24 h 20 50 0.2 44.5 [2]
Spherical Carbon any pH 190 °C 11 h 300–900 25 0.8 713.94 [31]
Fe-SB 8 800 °C 1 h 25–800 30 0.5 476.2 This study

Table 4  Thermodynamics 
parameters for MB adsorption 
on Fe-SB

Temp (K) KL ΔGo(KJ /mol) ΔHo(KJ /mol) ΔSo(J/K.mol) R2

283 242,325.30 −29.17 −2.96 1.81 0.9876
304 124,487.70 −29.65
315 81,304.77 −29.60
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same order: DI (0.42 µS/cm) < tap (2.65 µS/cm) < ground 
(11.63 µS/cm) < river (17.96 µS/cm). This indicates that the 
presence of water-soluble substances affects the adsorption 
capacity of MB on the Fe-SB material, leading to competi-
tion between MB and soluble substances that are available in 
the water sources. Specifically, as the conductivity increases, 
the adsorption capacity decreases.

Adsorption Mechanism

Figure 7 summarizes the adsorption mechanism of MB 
onto Fe-SB. The adsorption mechanism was thoroughly 
discovered based on the characterization and the outcomes 
of adsorption tests. The efficient adsorption of MB was 
attributed to the high specific surface area and abundant 
pore structure of Fe-SB. The combination of hydrochar with 
α-FeOOH before high-temperature pyrolysis improved the 
properties of the material, resulting in an increase in the spe-
cific surface area of the material (568  m2/g). The large spe-
cific surface area stimulates Fe-SB to attract MB molecules 
embedded in the material, contributing to the physisorption 
mechanism [71]. FTIR spectra suggested that O–H func-
tional group on Fe-SB, and nitrogen and oxygen-containing 
group of MB formed H-bonding [72]. In addition, Fe-SB 
contains C = C aromatic ring ready to act as a π-electron 
donor, and MB could act as a π-electron acceptor due to 
the strong electron attraction ability of the benzene ring of 
MB. The connection between these two π electrons promotes 
Fe-SB to adsorb MB through the π–π interaction mechanism 

[67]. Furthermore, the adsorption capacity of Fe-SB for 
MB was enhanced by the electrostatic interaction mecha-
nism between the negative charge of Fe-SB and MB cations 
in solution at high pH. With the synergistic effect of these 
mechanisms, not only Fe-SB but also other goethite-based 
materials can be utilized to treat various pollutants beyond 
MB, such as Congo Red [73], Methyl Orange [74], or even 
heavy metals like Copper and Cadmium [75]. Notably, in the 
study by Ugbe and Abdus-Salam [59], it was demonstrated 
that the adsorption of MB on goethite nanoparticles can be 
reversed by decreasing the pH through acid addition with 
very low acid concentration. MB was completely desorbed, 
independent of the adsorbent, laying the foundation for mul-
tiple reuse cycles.

Conclusions

In this study, a novel Fe-SB biochar derived from sucrose was 
modified for synthesis via hydrothermal coupling with goe-
thite. The obtained biochar exhibited a large specific surface 
area and abundance of functional groups and unveiled an out-
standing result of Langmuir adsorption capacity (476.2 mg/g) 
at pH 8. Physisorption, H-bonding, electrostatic interaction, 
and π–π interaction are the major adsorption mechanisms 
between Fe-SB and MB. Overall, the Fe-SB in this research 
was revealed to be an environmentally friendly and potential 
adsorbent for MB removal in water remediation.

Fig. 6  Effect of salts on MB adsorption (a) and application to actual samples (b)
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