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a b s t r a c t
Currently, development of an efficient natural adsorbent to remove pollutions becomes crucial 
since adsorbents derived from chemicals have several shortcomings such as their potential as a 
new pollution in the environment. Therefore, this study aims to investigate the capability of sew-
age sludge biochar for the removal of dye. Sewage sludge biochar was synthesized by pyrolysis at 
different temperatures, which were 350°C, 450°C, 550°C, 650°C, 750°C, and 850°C. The characteri-
zation of biochar was conducted by analyzing the percentage yield, ash content, moisture content, 
Fourier-transform infrared spectroscopy, and pH zero charge. This study found that as the pyroly-
sis temperature increased, the percentage yield along with moisture content decreased meanwhile 
the ash content increased. For kinetic studies, pseudo-second-order model gave better result than 
pseudo-first-order model indicating that adsorption mainly takes place on chemical adsorption. The 
applicability of adsorption isotherm analyses indicates that the adsorption mechanism followed 
Freundlich isotherm compared to Langmuir as Freundlich give value of R2 nearer to 1 (0.9962). It 
showed that adsorption mechanism behaves in a multi-molecular layer and the adsorption sites are 
heterogenous on the sewage sludge biochar.
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1. Introduction

The increasing revolution in science and technology 
had produced a greater demand for newer chemicals which 
was used in various industrial activities [1–10]. Organic 
dyes like methyl red was one of such many new chemicals 
which used in a lot of industrial processes especially tex-
tile, paper, cosmetic and food processing area. The poten-
tial toxicity of the dyes and their visibility in surface waters, 
removal and degradation of the dyes had attracted consid-
erable attention worldwide [11–13]. Textile industry was 
one of the major industry that contributes mostly to pol-
lution related to dyes [12,14,15]. This was due to its bright 
colour and ease of application [16–18].

A lot of methods had been used to remove methyl red 
dyes from aqueous solutions. The methods include hypo-
chlorite treatment, electro-Fenton photocatalytic degrada-
tion, adsorption, coagulation, and ozone treatment [19]. 
The physical method has several limitations such as high 
energy requirement and high cost [20–22]. On the other 
hand, chemical methods were not economically feasible due 
to its high ability and tendency to produce a great quantity 
of sludge. In current trends recently, much attention had 
been drawn on the traditional and less problematic method 
which was known as adsorption [23–25]. Adsorption is con-
sidered as promising method because of its high removal 
efficiency, simple operation, low cost and environmental 
friendly [23,26–33].

Biochar was known as the potential adsorbent which 
synthesized by pyrolysis of organic or inorganic mate-
rials [34]. In fact, the pyrolyzed product has physico-
chemical properties suitable for many applications like 
enhance soil fertility, storage of carbon and also pollut-
ants removal [35]. The quality of biochar produced was 
dependent on the process operational temperature where 
the biochar produced at low temperature was compatible 
on agricultural use due to its availability of nutrients and 
carbon composition while higher temperature biochar is 
suitable for adsorbent used for removing contaminants. 
The biochar that undergoes a high temperature pro-
cess tends to increase the porosity and this feature was 
important in removing pollutants [36,37].

Therefore, this study aims to investigate the capability 
of sewage sludge biochar for the removal of dye. It is noted 
that the use of sewage sludge biochar to treat methyl red 
in this study because it has the potential to serve as a lot 
of pollutants removal agent [38,39]. The use of the sewage 
sludge from water treatment plant to treat methyl red dyes 
has been limited in literature. In general, physicochemical 
properties of sewage sludge biochar produced indicated 
that this research should be extended on others pollutants 
removal in the future.

2. Materials and methods

2.1. Feedstock preparation

The sewage sludge that used as feedstock for biochar 
was obtained from the local water treatment plant at Kuala 
Perlis, Perlis, Malaysia. Sewage sludge was left to dry in 
an oven at 105°C for about 24 h to completely remove the 
moisture. Then, the dried sludge was grinded and sieved 

to obtain particles with average size of 250 µm, followed by 
carbonization at temperatures at 350°C, 450°C, 550°C, 650°C, 
750°C, and 850°C in the muffle furnace [40]. The sample 
was stored in a desiccator prior to the experiment.

2.2. Biochar characterization

Characterization of biochar is performed to choose 
the best adsorbent for adsorption of methyl red in water 
by comparing the biochar with different parameters. The 
five methods were used in biochar characterization were 
percentage yield, moisture analysis, ash content analysis, 
Fourier-transform infrared spectroscopy (FTIR) and point 
of zero charge.

2.2.1. Percentage yield

The percentage yield was done by pyrolyzing raw sew-
age sludge with 6 different temperatures at 350°C, 450°C, 
550°C, 650°C, 750°C, and 850°C. The calculation of per-
centage yield was done by subtracting the mass of biochar 
before and the mass of biochar divided by initial mass of 
biochar after it being burned times by 100 into their respec-
tive temperature.

2.2.2. Moisture content

The moisture content of the feedstock was estimated 
by measuring the weight loss after the drying the samples 
at l05°C for 2 h. Firstly, the muffle furnace was heated to 
300°C to remove moisture on it. Then the porcelain cruci-
ble was placed in the heat muffle furnace for about 15 min 
and then was cooled in the desiccators for 1 h then was 
weighed. The dried biochar sample was placed in the por-
celain crucibles and sent into the oven for about 100°C. 
After that the crucible was cooled for an hour in desiccator 
followed by weighing of the crucible.

2.2.3. Ash content

Ash content analysis was performed by determining the 
mass loss after burned the dried samples in a muffle fur-
nace at 750°C for 3 h. Porcelain crucible with lid was com-
pletely removed to achieve complete combustion [41]. Then 
the crucible was cooled in the desiccator for about 2 h then 
weighed. After that, the sample were repeatedly be burned 
in muffle furnace until it got to the point where the loss of 
ash content is less than 0.0005 g in 1-h period.

2.2.4. FTIR analysis

The FTIR was used to determine and characterize 
unknown materials (e.g., films, solids, powders, or liq-
uids), identify contamination on or in a material (e.g., par-
ticles, fibers, powders, or liquids), identify additives after 
extraction from a polymer matrix and identify oxidation, 
decomposition, or uncured monomers in failure analy-
sis investigations. The problem arises when our sample in 
solid form instead of liquid form hence KBr pellet is used. 
Potassium bromide (KBr, spectroscopic grade) was typi-
cally used as the window material because it is transparent 
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in the IR from 400–4,000 cm–1. Alternatively, samples can be 
contained within a KBr matrix and pressed to form a pel-
let that was then analyzed. Potassium bromide were mixed 
with the sample biochar at a ratio of 1 mg sample to 10 mg 
KBr [42]. Then the mixture was crushed to ensure homoge-
neity and then pressed into a disc for analysis.

2.2.5. pH zero point of charge

Deionized water was added into biochar at the ratio of 
1:5 of weight percent in order to analyze the pH of bio-
char. Then the mixture was whirled to allow it homog-
enous for 5 min. After that the initial pH of the solution 
is measured using pH meter. The zero point of charge of 
each biochar sample were determined by inserting 50 mL 
of 0.01 M KNO3 solution in the conical flask which then 
adjusted to initial pH between 2 to 11 with 1 M HNO3 or 
1 M NaOH. A 100 mL sealed conical glass with 0.1 g bio-
char was added with 50 mL aliquot of the 0.01 M KNO3. 
This new mixture was shaken at 150 rpm for 24 h. The 
final pH obtained by using pH meter. A graph for different 
pH for both initial and final pH was plotted.

2.3. Methyl red adsorption

The experiment was conducted in batch experiments 
using 250 mL Erlenmeyer flasks by varying the adsorbent 
dosage, the pH, the adsorption contact time and the ini-
tial concentration of methyl red. Adsorption experiment 
were done by using the shaker at speed of 100 rpm shaker 
at 25°C containing 50 mL of methyl red solution and the 
best biochar from characterization test which is SS650 [40].

2.3.1. Contact time

About 50 mL of the working solution was put in each 
different conical flask. All the flasks were put in the shaker 
at 100 rpm and 25°C for a predetermined time period rang-
ing from 20 min to 180 min. Then, flasks were withdrawn 
from the shaker, solution were centrifuged or filtered, 
and absorbance of the solutions was measured. A graph 
was plotted against adsorption capacity vs. contact time.

2.3.2. pH

The effect of pH on the equilibrium uptake of dyes 
was investigated by employing an initial concentration of 
MR (l00 mg/L) and 0.1 g/50 mL of biochar. The initial pH 
values were adjusted with 0.1 M HC1 or NaOH to form a 
series of pH from 2 to 10. The suspensions were shaken at 
room temperature (27°C) using agitation speed (100 rpm), 
the optimum contact time required to reach the equilibrium 
(100 min) and the amount of MR adsorbed were determined.

2.3.3. Adsorbent dosage

In this experiment, the effect of adsorbent dosage was 
being conducted with different doses of biochar which 
were 0.1, 0.2, 0.3, 0.4 and 0.5 g. In this experiment we are 
using the chosen biochar which is SS650. Then, series of 
parameters need be to held constant to give a fair result 

throughout the experiment. The experiment was conducted 
by taking the initial concentration (100 ppm), adsorption 
contact time (100 min), in 50 mL volume solution with tem-
perature of 30°C at the speed of 100 rpm in optimum pH 
condition (pH 4).

2.3.4. Initial concentration

The effect of methyl red was studied by analysis of 
the methyl red removal rate in 20, 40, 60, 80 and 100 ppm. 
The analysis was performed at room temperature, pH of 
4, 100 rpm speed, methyl red initial concentration of with 
varied ppm and constant adsorbent dosage of optimum 
value (0.1 g) which obtained from analysis of adsorbent 
dosage and constant adsorption contact time of optimum 
value (100 min) which obtained from analysis of adsorption 
contact time with 50 m1 of methyl red sample solution.

2.4. Adsorption kinetic

Several models were used to fit experiment data for 
adsorption kinetics identification. Methyl red adsorp-
tion dynamic processes were studied by pseudo-first-or-
der and pseudo-second-order models. These two models 
describe the solute uptake rate at solid-solution interface 
and control the resident time of adsorbate and possibilities 
of desorption. The analysis was using the result from the 
adsorption capacity against contact time. The linear form 
of pseudo-first-order model and pseudo-second-order 
models are shown below.
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2.5. Adsorption isotherm

Langmuir isotherms model assumes the existence of 
a monolayer adsorption with homogeneity of the sur-
face. Freundlich isotherm model assumes that adsorption 
occurs on a heterogeneous surface with interaction between 
adsorbed molecules. The analysis was using the result from 
the adsorption capacity against initial concentration. The 
adsorption kinetic and adsorption isotherm model were 
calculated by using the formula shown below.

Langmuir: 
C
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3. Results and discussions

3.1. Biochar characterization

There are many characterization analyses of physical 
and chemical properties of biochar produced by pyrolysis 
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like percentage yield, moisture content analysis, ash content 
analysis, FTIR and pH zero point of charge analysis. The 
characterization was being observed and analysed to select 
the most effective biochar sample for methyl red adsorp-
tion on sewage sludge biochar.

Percentage yield was performed onto the sewage 
sludge biochar which were pyrolyzed at different tem-
peratures of 350°C, 450°C, 550°C, 650°C, 750°C, and 850°C 
that were categorized as SS350, SS450, SS550, SS650, SS750 
and SS850, respectively. It is observed that SS850 tabulate 
the lowest percentage yield at 82.8% while SS350 recorded 
the highest percentage yield at 95.55%. It is also observed 
that the reading of percentage yield display descending 
patterns where the reading of percentage yield become 
decrease when the biochar temperature increased. This 
can be shown by the percentage yield of SS450, SS550, 
SS650, SS750 where they recorded a percentage yield of 
91.5%, 90.42%, 85.49% and 83.86% respectively. As shown 
in Fig. 1, increasing temperature resulted in reduction in 
yield of biochar and this reduction may be due to rapid 
reduction of oxygen (O), hydrogen (H) and volatiles con-
tent at high temperature [43].

In this study, the moisture content was observed in 
sewage sludge biochar with 5 different pyrolysis tempera-
ture which is 350°C, 450°C, 550°C, 650°C, 750°C, and 850°C 
namely SS350, SS450, SS550, SS650, SS750, SS850, respec-
tively. It was found out that the percentage moisture was 
the lowest at SS650 (0.09%) followed by SS750 (0.49%) and 
SS850 (1.22%). Meanwhile the highest moisture recorded 
at lower temperature which is SS450 (57.53%) followed by 

SS350 (1.9%) and SS550 (1.51%). It is concluded that lower 
pyrolysis temperature recorded the higher moisture content 
while the higher pyrolysis temperature recorded the lower 
moisture content. This can be explained by the losses in 
(water content) moisture content for higher pyrolysis tem-
perature where in high temperature the rate of drying of 
biochar samples also increased significantly along the pro-
cess. Hence, it was concluded that SS650 was the optimum 
biochar due to its lower moisture content.

The different pyrolysis biochar temperature was per-
formed for determination of the ash content at a fixed heat-
ing temperature of 750°C for 6 h. From Fig. 2, it is observed 
that SS350 tabulate the lowest percentage of ash content at 
65.83% while SS850 recorded the highest ash content per-
centage at 97.39%. It is also observed that the reading of per-
centage ash content is directly proportional to the biochar 
temperature where the reading of percentage ash content 
become increased when the biochar temperature increased. 
A study by Callegari and Capodaglio [44] show that the 
increase in ash content is followed with the increasing pyrol-
ysis temperature. Such increase is a typical tendency for 
sewage sludge (and other feedstock) chars, due to the con-
centration of the non-volatile mineral constituents that form 
the ash, and the removal of volatile organic decomposition 
products. Mineral fractions are, in fact, dominant in both 
untreated sewage sludges and chars, usually much higher 
than in (bio)chars derived from other materials. In this exper-
iment, SS650 was chosen as the best biochar as it presents 
the criteria of being the best biochar which is having the 
lower moisture content and lower ash content.
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Fig. 2. Percentage ash content of SS350, SS450, SS550, SS650, SS750 and SS850.



5K.S.A. Sohaimi et al. / Desalination and Water Treatment (2022) 1–10

Based on Fig. 3, it is found out that the functional groups 
that exist within the spectra of sewage sludge biochar were 
conjugated aldehydes, alkene and sulfoxide. The first wave 
number would be the indication of conjugated aldehydes 
with wavelength of 1,685.9 cm–1. The vibration mode was 
very strong in C=O stretching at the range wavenumber of 
1,710–1,685 cm–1. The second wave in the diagram spectra 
would be the presence indication of sulfoxide, a common 
pollutant that exist in typical sludges. It projected a wave-
length of 1059.3 with strong vibration mode in between S=O 
stretching within the range of 1,070–1,030 cm–1 wavenum-
ber. The final functional would be alkene. It projected the 
wavelength of 804.28 cm with a strong vibration mode on 
C=C bending within the range of (840–790 cm–1). The func-
tional group that are mainly responsible for the adsorption 
process are the sulfinyl(sulfoxide) and carbonyl(aldehyde). 
At low pH (pH 4–5), the surface functional groups are being 
protonated thus a positive charge would be formed on the 
surface. In acidic medium, these two functional group car-
ried positive charge on the adsorbent surface resulting 
in electrostatic interaction between negatively charged 
carboxyl group that exist on methyl red.

It is found out that the pH zero point of charge of bio-
char samples lies almost on pH 5. This indicates that the 
pH zero charge of biochar samples on mild acidic condition. 
Therefore, in this study mild acidic pH which is between 
4 and 5 was used as the pH that maximizes the adsorp-
tion capacity of sewage sludge biochar. This methyl red 
was adsorbed onto sewage sludge biochar as methyl red 
was anionic and the surface sewage sludge biochar was 
positively charge in mild acidic condition. (Bio)char sur-
face that is positively charged in the lower pH range (mild 
acid) which is when pH < pH0 (point of zero charge) allows 
anionic dye to be easily captured due to the electrostatic 
interaction [44].

3.2. Adsorption process

In this study, there were 4 parameters that were evalu-
ated on removing methyl red using sewage sludge biochar 
which were known as adsorbent dosage, adsorption con-
tact time, adsorption initial concentration and the effect of 
pH. Based on Fig. 4, the adsorption capacity displays a dis-
tinctive pattern which the reading was decreased from 31.53 
to 9.56 mg/g as the adsorbent dosage increases from 0.1 to 
0.5 g. It was concluded that the highest adsorption capacity 
was recorded at adsorbent dosage of 0.1 g. The increased in 
the adsorption capacity was due to the increase in the adsor-
bent mass that can increase the availability more binding 
site for adsorption. However, further increased in adsorbent 
mass from 0.2 to 0.5 g had decreased the adsorption capac-
ity. This is due to unavailability of the adsorbate sites that 
are fully saturated by the methyl red dye molecules. When 
more biochar is added to the process, the binding site become 
the limiting factor as the adsorption progress. As time passes 
when the binding site are fully equipped, here where the 
adsorption stops and reaches the plateau. According to 
Kuang et al. [45], they had studied that when an adsorbent 
quantity was being increased, they found difficulty on aid-
ing to the scarce of binding site in the long run. These was 
led to a decrease in the adsorption capacity of the biochar.

It indicates that adsorption capacity of methyl red was 
directly proportional as the adsorption capacity increases 
as the initial concentration was being increased from 20 to 
100 ppm. The lowest adsorption capacity was at the con-
centration of 20 ppm while the highest recorded reading of 
adsorption capacity at the concentration of 100 ppm. This 
can be explained by the concept of mass transfer and equi-
librium. Higher concentration resulted in a higher driv-
ing force of the concentration gradient. This driving force 
accelerated the diffusion of dye from the solution into the 

 
Fig. 3. FTIR analysis.
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adsorbent. These observations can be explained by the fact 
that enough adsorption sites are available to accommodate 
an increasing number of dye molecules.

According to Silva et al. [46], as the sewage sludge 
biochar surface is negatively charged at high pH, a sig-
nificantly strong electrostatic attraction appears between 
the negatively charged carbon surface and cationic dye 
molecule leading to maximum adsorption of methyl red 
dyes. Moreover, the increasing in the adsorption of MR 
with decreasing of pH value is also due to the attraction 
between methyl red dye and excess H+ ions in the solu-
tion. Meanwhile when the adsorption capacity decreases 
at basic pH (8–11) this was mostly due to the dominance 
of the negative charges at the surface of the adsorbent or 
due to the low competition of OH– and dye anions in basic 
pH [47]. As shown in Fig. 5, pH 2 is the optimum pH for 
methyl red adsorption, however, pH4 has been selected the 
optimum condition as it still acidic solution and only has 
slight difference with adsorption capacity that achieved in 
pH 2. Also, it is supported by results from ph zero charge 
analysis which ph4 is the best ph condition for methyl red 
adsorption by sewage sludge biochar.

The rapid adsorption at the initial contact time is due 
to the highly negatively charged surface of the sewage 
sludge biochar for adsorption of methyl red in the solution 
at pH 4–5. Later slow rate of MR adsorption is probably 
due to the electrostatic hindrance or repulsion between the 
adsorbed negatively charged adsorbate species onto the 
surface of sewage sludge biochar and the available adsor-
bate species in the solution as well as the slow pore diffu-
sion of the solute ions into the bulk of the adsorbent [48,49]. 
The equilibrium was achieved at 100 min when the maxi-
mum methyl red adsorption onto sewage sludge biochar 
due to the constant reading of adsorption capacity or what 
we called the plateau stages.

3.3. Adsorption kinetic

Figs. 6 and 7 illustrate the graph of pseudo-first-order 
model and pseudo-second-order model. Both graphs dis-
play different patterns which Fig. 6 the relationship was 
inversely proportional while Fig. 7 displays a direct propor-
tional reading. It was observed that pseudo-second-order 
model gives a better value of correlation coefficient R2 which 
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the value was almost near to 1 (0.9968) compared to pseudo- 
first-order model (0.9737). This shows that the adsorption 
of methyl red onto sewage sludge biochar is a second- order 
reaction. This can be concluded that adsorption process was 
being controlled by chemical adsorption (pseudo- second-
order) mechanism instead of physical adsorption (pseudo- 
first-order) [20]. It is also supported by effect of pH on 
methyl red adsorption process which shown better per-
formance at acidic than basic condition. Thus, there has 
adsorption mechanism of chemical electrostatic attraction 
appears between the negatively charged carbon surface 
and cationic dye molecule.

3.4. Adsorption isotherm

The correlation coefficients reported in Freundlich iso-
therm showed strong positive evidence on the adsorption of 
MR onto sewage sludge biochar which the value of R2 was 

near to 1 which is 0.9962 as shown in Fig. 8. The adsorp-
tion feature was determined with how close the value of 
correlation coefficient of R2 with 1, hence from the exper-
iment we can observe that Freundlich model was the best 
fitting model for adsorption as the value of R2 is 0.9962 
compared to Freundlich which the value of R2 was 0.8752. 
This indicates that methyl red adsorption corresponds het-
erogeneously to the complete multilayer coverage on the 
adsorbent surface [41].

4. Conclusions

The aim of this study was to investigate the capability of 
sewage sludge biochar for the removal of dye. Based on the 
characterization, SS650 was selected as the biochar because 
it has lower moisture content and lower ash content com-
pared to others. FTIR analysis revealed that SS650 contains 
conjugated aldehydes, alkene and a common substance 
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found in typical sludges which was sulfoxide. The pH zero 
charge had indicated that the most optimum pH for sewage 
sludge adsorption falls under mild acidic pH which was 
between the range of 4–5. The maximum adsorption capac-
ity of SS650 biochar was recorded at 31.35 mg/g at optimum 
dosage of 0.1 g. The kinetic studies had shown that methyl 
red relies mainly on chemical adsorption due to its greater 
correlation coefficient that followed the pseudo-second- 
order model with greater value of R2 (0.9968). The Freundlich 
isotherm were the best fit compared to Langmuir isotherm 
as Freundlich give value of R2 that is near to 1 which is 
0.9962. This indicates that the adsorption works on mul-
tilayer heterogeneously on adsorbent surface.
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