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A B S T R A C T

Biochar is a low-cost adsorbent used in the treatment of contaminated wastewater. We investigated the potential
of an Fe-impregnated, Ba2+-loaded biochar (Fe-(Ba-BC)) for the removal of SO42− from aqueous solutions. The
Ba2+-loaded biochar was synthesized from sawdust impregnated with iron oxide via pyrolysis at 600 °C. The
porous structure of the Fe-(Ba-BC) was identified by scanning electron microscopy before sulfate was adsorbed
onto the adsorbent. Functional groups were determined by energy-dispersive spectrophotometry and Raman
spectrometry.. The Fe-(Ba-BC) Raman peaks before the experiment were higher than after, suggesting the precip-
itation of BaSO4. The presence of BaCl2 on the surface of the biochar was confirmed by X-ray diffraction. Batch
sorption results showed that Fe-(Ba-BC) strongly adsorbed aqueous SO42− with a removal efficacy of 96.7% under
the optimum conditions of 0.25 M BaCl2, a contact time of 480 min, a pH of 9 and an adsorbent dose of 2 g. The
optimum condition for removal and reaction rate kinetics analysis indicated that adsorption curve fitted well
with PSO, k2 0.00015 confirmed the removal of SO42− via chemisorption. Thus, Fe-(Ba-BC) was found to be a fa-
vorable adsorbent for removing SO42−.

1. Introduction

Sulfate (SO42−), the anion of sulfuric acid (H2SO4), is released into
the natural environment as a consequence of both human activities
(e.g., mining, livestock farming, food production, paper milling, and
chemical and detergent manufacturing) and natural phenomena (e.g.,
geological processes such as the eruption of volcanoes) (Zak et al.,
2021). High concentrations of SO42− in wastewater pose severe threats
to aquatic ecosystems and contribute to the formation of acid rain, cor-
rosion and the release of toxic gases into the atmosphere (Dutta et al.,
2010). High concentrations of SO42− in potable water supplies cause di-
arrhea, dehydration, a laxative effect and gastric upset in humans
(Bashir et al., 2012). The World Health Organization and the United
States Environmental Protection Agency (EPA) have set a limit of
250 mg L−1 SO42− for drinking water (EPA, 2017; Water and
Organization, 2006), although concentrations >400 mg L−1 have been
reported in wastewater by (Chen et al., 2020). The removal of SO42−

from effluents has attracted much attention in recent years as a result of

its harmful consequences (Mohammadi et al., 2019). Stringent stan-
dards for SO42− in water will force many water service providers to im-
prove traditional treatment systems or to seek alternative purification
technologies (Silva et al., 2020).

Various conventional treatments have been used to remove SO42−

from wastewater, including reverse osmosis, chemical precipitation,
flotation, membrane filtration (Al-Zoubi et al., 2007), ion exchange
(Tang et al., 2017) and electrocoagulation (Rodrigues et al., 2020). Ad-
sorption has been shown to be the most viable and economic technique
for the removal of SO42− (Yi et al., 2020), particularly in developing
countries. A number of different adsorbents have been investigated, in-
cluding functionalized carbon nanotubes (Li et al., 2014), nanocompos-
ites (Mo et al., 2021, 2022), biosorbents (Lu et al., 2021; Wang and
Chen, 2014), plant biomass (Alvarez et al., 2015; Zeng et al., 2021) and
kaolin (Hudaib, 2021). Sawdust and bamboo being economical and is
easily available which can be acquired locally. Sawdust biochar has
been shown to be one of the most promising and economic adsorbents.
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Organic and inorganic compounds have been used to modify biochar to
improve the adsorption capacity (Srivatsav et al., 2020).

Biochar is a low-cost adsorbent generated via the pyrolysis of bio-
mass and waste products in an oxygen-deficient environment (Sun et
al., 2019) and is an excellent candidate for the removal of inorganic
pollutants (e.g., SO42−). Biochar is suitable for the removal of a wide
range of pollutants as a result of its high availability, large surface area,
low cost and excellent bio-absorption via the development of pore
structures (Liang et al., 2021).

Biochar can be modified via physical, chemical, magnetic and im-
pregnation methods to increase adsorption and can be modified to
change its selectivity (Rajapaksha et al., 2016). Magnetic biochar can
be prepared by impregnating the biomass with iron oxide via pyrolysis
(Chen et al., 2011). Various types of modified biochar have been used
to remove sulfate from water, including pomelo peel biochar modified
with zirconium oxide (Ao et al., 2020), Fe-modified carbon residues
(Runtti et al., 2016) and modified sugarcane bagasse cellulose
(Mulinari & da Silva, 2008). Earlier studies (Cheng et al., 2012) used
magnetic Fe3O4 particle modified sawdust for the removal of strontium
ions with a total 12.59 mg g−1adsorption capacity, while (Feng et al.,
2019) used magnetic natural composite Fe3O4-chitosan@bentonite for
the removal of heavy metal following maximum adsorption capacity of
62.1 mg g−1. However, the simultaneous modification of biochar im-
pregnated with Ba2+ and magnetization with Fe has not been reported
previously.

This study evaluated Fe-impregnated biochar sawdust loaded with
Ba2+ from BaCl2 via pyrolysis for the removal of SO42− from waste-
water. Fe-impregnated biochar enhances the removal of pollutants be-
cause it increases the surface area of the biochar, is more reactive in wa-
ter and can donate protons (Liang et al., 2021). Biochar may have more
surface O-containing functional groups (e.g., C–O, C–O–C and C O)
than carbon, which can interact with Fe to produce multi-functional
Fe–biochar complexes (Wang et al., 2022).

This study explored the effectiveness of Fe-impregnated, Ba2+-
loaded adsorbents for the removal of SO42− through adsorption-assisted
precipitation. The effects of the contact time, pH, molar concentration
of Ba2+, adsorbent and adsorbate dose were evaluated in a 1500 mg L−1

solution of SO42− at 22 ± 2 °C in order to remove the maximum con-
centration of sulfate levels (>1500 mg L−1) in industrial effluents. This
maximum removal of sulfate has rarely been reported in other related
studies which makes it an innovative aspect of this study. Various ad-
sorption kinetic models were investigated to determine the mechanism
of the adsorption-assisted precipitation process.

2. Materials and methods

A CAS No. KB05670 standard solution of sulfate (SO42−) was ob-
tained from Beijing Wanjia Shouhua Biological Technology Co. Ltd. All
reagents used in the experiments were of high purity. Deionized water
was used to prepare all the chemical solutions and to rinse and clean the
samples. Solutions of NaOH (98%), HCl (95–99%), Na2SO42− (99.5%),
BaCl2 (99%) and NaNO3 (>99.5%) were purchased from Merck (Ger-
many) and used as supplied.

2.1. Preparation of Fe-impregnated Ba2+-loaded biochar

Biochar was prepared using sawdust as the raw biomass and was
magnetized by the addition of iron oxide Fe-(Ba-BC) via chemical co-
precipitation (Gillingham et al., 2021) followed by pyrolysis at 600 °C.
The raw materials were dried in an oven for 24 h at 45 °C. BaCl2 was
impregnated via chemical activation by placing the absorbent in a
0.1 M solution of BaCl2 for 4 h, followed by drying in an oven for 24 h
at 45 °C. The Fe-(Ba-BC) was placed in a muffle furnace for 4 h at
600 °C under a flow of N2 gas to convert raw biomass into biochar. The
prepared Fe-(Ba-BC) was stored in polyethylene bags (Li et al., 2019).

Using the same process, various biochar samples were prepared us-
ing different materials and with different concentrations of iron oxide:
sawdust fine (SDF); sawdust + FeO 12.5 g (SD1); sawdust + FeO 25 g
(SD2); bamboo fine + FeO 12.5 g (BBF1); bamboo fine + FeO 50 g
(BBF2); bamboo coarse + FeO 50 g (BBC); bamboo rough + FeO
12.5 g (BBR1); bamboo rough + FeO 25 g (BBR2); and two bamboo
scraps (BBS1 and BBS2) (Table 1).

2.2. Characterization of Fe-impregnated Ba2+-loaded biochar

The surface morphology of the Fe-(Ba-BC) samples was examined by
scanning electron microscopy (SEM) (TESCAN VEGA3) at 20 kV with
energy-dispersive X-ray spectrometry (EDS; Oxford AZtecOne XT) at
10 kV. Samples of Fe-(Ba-BC) before and after reaction were prepared
on carbon tape and imaged under different magnifications at a working
distance of 14.96 mm. Raman spectra were recorded in the range
500–4000 cm−1 before and after the experiment (Asadullah et al.,
2010). X-ray diffraction (XRD) was performed using an X'Pert PRO
Dy98 instrument at 5° min−1 and a peak deconvolution method was ap-
plied to investigate the data (Park et al., 2010). The built-in Gaussian
functions in Origin Pro (2021b) were used to match the peaks (Zhang et
al., 2014). Samples obtained before and after the optimized experiment
were packed into polyethylene bags before being transferred to the lab-
oratory for characterization.

2.3. Adsorption and precipitation activity

2.3.1. Preparation of sulfate solutions
A 1500 mg L−1 SO42− stock solution was prepared and used to derive

standard solutions of 5, 10, 15, 20, 25, 30, 35 and 40 mg L−1 SO42−. The
standard curve was determined at a wavelength of 450 nm. The opti-
mum wavelength of 450 nm has been selected for the sulfate removal
due to the maximum absorbance by sulfate.

2.3.2. Analytical procedures
The pH was measured using a digital pH meter (PHS–38W Micro-

processor). A digital furnace (DRPT Co. Ltd) was used for sawdust py-
rolysis. An oven (DHG-9101 Wincom Co. Ltd) was used to dry the sam-
ples and a rolling incubator (Haimen Kylin-Bell Instruments Co. Ltd)
was used to mix them. A plastic syringe filter (pore size 0.45 μm) was
used to filter the samples. The absorbance of the supernatant was mea-
sured at 450 nm using a GENESYS 50 UV–visible spectrophotometer.

2.3.3. Experimental procedures
Adsorption-assisted precipitation experiments were conducted to

determine the efficacy of the modified biochars for the removal of
SO42− from wastewater. The experiments were performed in a 50 mL
centrifuge tube using a 1500 mg L−1 solution of SO42− (40 mL working
volume) to optimize various parameters. NaOH (0.1 M) and HCl
(0.1 M) were used to adjust the initial pH of the sample. Batch adsorp-
tion and precipitation experiments were carried out using a known

Table 1
Composition of biochar samples.
Sample Type of biochar FeO (g)

SDF Sawdust, fine –
SD1 Sawdust 12.5
SD2 Sawdust 25
BBF1 Bamboo, fine 12.5
BBF2 Bamboo, fine 50
BBC Bamboo, coarse 50
BBR1 Bamboo, rough 12.5
BBR2 Bamboo, rough 25
BBS1 Bamboo, scraps –
BBS2 Bamboo, scraps –
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amount of modified Fe-(Ba-BC) in 40 mL of a 1500 mg L−1 SO42− solu-
tion mixed at 220 rpm on a rotatory machine at room temperature. Af-
ter the optimized contact time, the samples were filtered through a
0.45-μm syringe filter and the concentration of SO42− remaining mea-
sured by spectrophotometry.

The effect of various parameters affecting precipitation-assisted ad-
sorption were optimized at a constant concentration of 1500 mg L−1:
pH (2–11), contact time (30–510 min), dose of adsorbent (0.5–5 g) and
molar concentration of BaCl2 (0.05–0.25 M). The optimized parameters
used in the initial experiment to identify the most efficient modified
biochar Fe-(Ba-BC) for adsorption-assisted precipitation in a working
volume of 40 mL were: SO42−, 1500 mg L−1; pH, 5.70; dose of adsor-
bent, 0.5 g; contact time, 24 h; BaCl2 concentration, 0.1 M; tempera-
ture 22 ± 2 °C; and speed of rotory mixing, 220 rpm. The supernatants
were evaluated for absorbance at 450 nm using UV–visible spectropho-
tometry. All the experiments for adsorption-assisted precipitation were
conducted in duplicate with a method blank to determine the accuracy
of the results.

The concentration of SO42− removed was determined by:

(1)

where Ci is the initial concentration of SO4−2 (mg L−1) and Cf is the
final concentration. The duplicate efficacy of the samples was calcu-
lated using Eqs. (2) and (3):

(2)
(3)

where X1 = concentration of sample 1 and X2 = concentration of
duplicate of sample 1.

2.4. Statistical analysis

Origin version 2021 software and Microsoft Excel for Windows 10
were used for the statistical analyses. The experiment was performed in
duplicate and the mean values used in further analysis. The data are
presented as the mean ± SD efficiency (%) of the removal of SO42−.

2.5. Kinetics study

A number of different kinetic models have been used to determine
the efficiency and mechanisms of adsorption of various chemicals. Most
adsorption kinetic studies use pre-existing models as a guide to illus-
trate the adsorption mechanism. Kinetic models were used to investi-
gate the adsorption system of Fe-(Ba-BC) for the removal of sulfate. The

pseudo-first-order rate equation (Ho and McKay, 1998),intraparticle
diffusion model (Lagergren, 1898), Elovich model (Zeldowitsch, 1934)
waere used to consider the effects of time on adsorption.

3. Results and discussion

3.1. Characterization of Fe-(Ba-BC)

3.1.1. XRD studies
XRD was used to investigate the structure and phase purity of the

Fe-(Ba-BC) samples (Fig. 1a). The biochar matrix with iron oxide had
strong, sharp XRD peaks, indicating a high degree of crystallization.
The XRD patterns of the Ba-BC samples before and after the experiment
showed the highest reflection at 2θ = 5.73°. BaSO4 peaks were present
after the experiment, with the highest reflection at 2θ = 4.45°. Fig. 1a
shows the analysis before BaCl2 was loaded onto the Fe-(Ba-BC) and
therefore the Ba2+ reflections are at their highest. The spectra show
that Fe was present as hematite (Fe2O3), as reported previously by
(Duan et al., 2017), and that 12.5 g of iron oxide had been added to the
Fe-(Ba-BC). Reflections of BaSO42− were seen after the addition of Ba2+,
suggesting that the BaCl2 successfully reacted with Na2SO4 to remove
the SO42− as a precipitate of BaSO4.

3.1.2. Raman spectroscopy
Raman spectra were used to verify the graphitization process. Fig.

1b shows that the spectra of Fe-(Ba-BC) before and after the experiment
were similar, with characteristic peaks at 1250 and 1550 cm−1 showing
D (disordered graphitic carbon) and G (sp2-hybridized graphitic car-
bon) bands, as reported by (Feng et al., 2016; Li et al., 2020). The in-
tense Raman peaks between 500 and 4000 cm−1 showed that the elec-
tron-rich structures (e.g., O-containing functional groups) had high Ra-
man scattering abilities, enhancing the observed Raman intensity (Tay
et al., 2013). The Fe-(Ba-BC) peaks before the experiment were higher
than those after the experiment, indicating the precipitation of BaSO4.
The intensity of the D and G bands of Fe-(Ba-BC) decreased as a result of
heating, as reported previously by (Zheng and Dahn, 1999). At the
same time, the formation of the peaks of both Fe-(Ba-BC) were related
to each other.

3.1.3. SEM and EDS analysis
Five spots of each before and after the experiments, total 59 spec-

trums, were seen for EDS studies to support our findings with better
spectra. Fig. 2a shows the EDS and SEM maps of Fe-(Ba-BC), illustrating
the smooth surface and pore capacity of the Fe-(Ba-BC) samples. After
modification, the Fe-(Ba-BC) surface became rough, with attached par-
ticles and pore structures filled with sulfate. The field view at a depth of
116 μm showed the highest Ba peaks (weight percentage 19.46 and

Fig. 1. X-ray diffraction (XRD) and Raman spectroscopy characterization of Fe-doped sawdust biochar before and after experiment. (a) XRD spectra; (b) Raman spec-
tra showing D and G bands.
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Fig. 2. Result of EDS-SEM analysis. (a) EDS spectra and SEM images of modified Fe-(Ba-BC) substrate before reaction with SO42−; (b) EDS spectra and SEM images of
modified Fe-(Ba-BC) substrate after reaction with SO42−.

13.278%), evidence that BaCl2 had been successfully loaded onto the
Fe-(Ba-BC) samples. Apparent peaks of C and O were also visible. Peaks
of metallic Au can be seen as a result of the coating added before the
analysis to obtain high-resolution images.

After the experiment, Fe-(Ba-BC) showed the morphology of Fe-
impregnated biochar with different decline peaks of Ba (weight per-
centage 0.14%) (Fig. 2b). Sulfur (0.11%) can also be seen, confirming
that Ba was successfully precipitated as BaSO4. Fig. 2b also shows that
the Fe-(Ba-BC) samples are mostly composed of elemental C and O. Mn

and K are present in the Fe-(Ba-BC) samples after alteration, whereas
there are decreased amounts of elemental C and increased amounts of
elemental O (Wang et al., 2020).

3.2. Competitive removal of SO42− from modified and unmodified biochar
samples

The effectiveness of different biochars with and without the addi-
tion of Ba2+ and impregnated with iron oxide (SDF, SD1, SD2, BBF1,
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BBF2, BBC, BBR1, BBR2, BBS1 and BBS2) was examined and the adsor-
bent with the highest efficiency for the removal of SO42− was selected
for further evaluation. The experiment was carried out with a
1500 mg L−1 solution of SO42− at pH 5.70 for a reaction time of 24 h us-
ing 0.1 M BaCl2 and 0.5 g dose of the adsorbent at room temperature
(22 ± 2 °C). The Ba2+-loaded biochar sample SD1 showed the highest
removal efficiency (Fig. 3a). The Ba2+ from BaCl2 reacted with the
SO42− ion from Na2SO4 to give a white precipitate of BaSO4 (Kartic et
al., 2018). The impregnation of Fe on the surface of the biochar in-
creased the surface area, resulting in a higher removal efficiency.

3.3. Effect of initial concentration of BaCl2

The effect of the initial BaCl2 concentration (0.05–0.25 M) on the re-
moval of SO42− was evaluated with an initial SO42− concentration of
1500 mg L−1 at pH 5.7 with a dose of Fe-(Ba-BC) 0.5 g and a reaction
time of 24 h. The highest concentration of 0.25 M BaCl2 gave the high-
est removal efficiency for SO42− of 78.2% (Fig. 3b), whereas the lower
concentrations of BaCl2 (0.05 and 0.1 M) only removed 18.2 and
20.3%, respectively, of the SO42−. The Fe-(Ba-BC) sample dramatically
increased the adsorption of pollutants (Ambaye et al., 2021) compared
with unmodified biochar.

3.4. Effect of contact time

Precipitation-assisted adsorption processes were used to determine
the effect of the contact time on the removal of SO42− using a
1500 mg L−1 solution of SO42−, 0.25 M BaCl2 and 0.5 g of Fe-(Ba-BC) at
pH 5.21 for reaction times of 0–510 min at ambient temperature. The
removal efficiency increased rapidly from 30 to 480 min and then

slowed down, reaching equilibrium after 480 min (Fig. 3c). The high
rate of precipitation in the initial stages was a result of the availability
of sorption sites on the surface of biochar. An increase in contact time
did not affect the equilibrium and 96.5% of the SO42− was removed.
This indicates that the adsorption-assisted precipitation reached equi-
librium, as reported previously by (Ali et al., 2018).

3.5. Effect of pH

The effect of pH (from pH 2 to 11) was investigated using a
1500 mg L−1 solution of SO42−, 0.5 g of adsorbent, a 0.25 M solution of
Ba2+ and a reaction time of 480 min at room temperature. The initial
pH of the solutions influenced the initial concentration of SO42−. The
addition of Fe-(Ba-BC) for 480 min resulted in the removal of 99.385%
of the SO42− at pH 9 (Fig. 4a). Several studies have observed a signifi-
cant role of pH (Kołodyńska et al., 2012). Both the surface charge and
ionization of Fe-(Ba-BC) are dependent on pH and can be used to differ-
entiate the adsorption efficiency for the removal of contaminants. A
rapid decrease in the removal of SO42− at low pH values was observed
as a result of hydrolysis and ionization of the weak acid, which con-
verted SO42− to BaSO4 (Agarwal and Balomajumder, 2015). The highest
percentage removal of SO42− was observed at alkaline pH values as a re-
sult of the strong electrostatic attraction between the SO42−and the pos-
itively charged BaCl2. These results showed that the electrostatic force
of attraction is not the primary driver for the removal of SO42− from
wastewater, which takes place as a result of the surface coordination of
the FeOH group. SO42− was adsorbed via an ion-exchange mechanism.
However, the alkaline pH in this study meant that OH− predominated
and competed with the other ions in the aqueous solution to bind to the
BaCl2 surface (Shah et al., 2021).

Fig. 3. Efficient SO42− removal from aqueous solution with standard deviation. (a) Percentage removal of 1500 mg L−1 SO42− using modified and unmodified biochar
at room temperature. Fe-(Ba-BC) (SD1) shows maximum efficiency; (b) Increasing trend of SO42− removal efficiency from Fe-impregnated biochar modified with
BaCl2 at room temperature; (c) Effect of retention time on removing SO42− from Fe-impregnated biochar modified with BaCl2 under optimum conditions.

Fig. 4. (a) Effect of pH for removing SO42− using Fe-impregnated biochar modified with BaCl2 under optimum conditions; (b) Effect of adsorbent dose on SO42−

removal from Fe-impregnated biochar modified with BaCl2 (BaCl2 0.25 M; contact time 480 min, pH 9) at room temperature.
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Fig. 5. Comparison of different models of sorption kinetics for removing SO42− from Fe-impregnated biochar modified with BaCl2 under optimum conditions. (a)
Pseudo-first order; (b) Pseudo-second order; (c) Elovich equation; (d) Intraparticle diffusion using Fe-(Ba-BC) at optimal conditions, respectively. The data were fit-
ted to PSO model.

3.6. Effect of adsorbent dose

The effect of adsorbent dose (0.5–5 g) on the removal of SO42− was
investigated under the optimum conditions (initial SO42− concentration
1500 mg L−1, pH 9, 0.25 M barium, reaction time 480 min at room tem-
perature). The highest removal efficiency of SO42− was 96.7% at an ad-
sorbent dose of 2 g (Fig. 4b). The proportion of SO42− removed via pre-
cipitation-assisted adsorption increased when the Fe-(Ba-BC) adsorbent
dose increased. Many sorption sites were found on the surface of the Fe-
(Ba-BC) samples. Equilibrium was established at a reaction time of
480 min. An increase in the dose of adsorbent up to 5 g did not influ-
ence the removal efficacy. An increase in the amount of Fe-(Ba-BC) in-
creased the removal efficacy when the SO42− concentration was de-
creased from 1500 to 226.8 mg L−1. It was concluded that when Fe-(Ba-
BC) was introduced for an extended period of time, the adsorption sites
became supersaturated. This means that the amount of SO42− adsorbed
decreased and the removal rate reached a maximum (Ali et al., 2018).

3.7. Adsorption kinetics models

The rate of adsorption of SO42− onto the surface of the Fe-(Ba-BC)
samples was determined using the pseudo-first-order and PSO models
(Miyake et al., 2013), the Elovich equation and the intraparticle diffu-
sion model (Acevedo et al., 2015) (Fig. 5). The PSO rate equation (Fig.
5b) gave the best fit with a correlation coefficient of R2 = 1. The PSO
kinetic model assumes that chemisorption is the rate-limiting process
and governs the adsorption of SO42− via the exchange of electrons be-
tween Fe-(Ba-BC) and SO42−. Fig. 5 shows that the PSO model, the
Elovich equation and the intraparticle diffusion model all gave poor fits

to the experimental data, suggesting that the rate-limiting step was
chemical rather than physical adsorption. The PFO model (Fig. 5a), the
intraparticle diffusion model (Fig. 5c) and the Elovich equation (Fig.
5d) gave coefficients of correlation of R2 = 0.99154, 0.9059 and
0.97968, respectively. The PSO model applies to the adsorption method
and shows the competitive adsorption of inorganic pollutants, which
can be used to precipitate inorganic anions such as SO42−. Hence the
PSO model is superior to the other models (Shah et al., 2021; Tan and
Hameed, 2017) and indicates that SO42− was removed by the Fe-(Ba-
BC) sample via chemisorption.

3.8. Removal mechanism

Many C-based materials have been modified to enhance the selec-
tive adsorption of metals via physical, chemical and metallic impregna-
tion methods. Magnetic biochar can also be formed by incinerating bio-
mass and impregnating it with iron oxides (Marchisio et al., 2002;
Merdhah and Yassin, 2009). BaCl2 behaves as a simple salt in an aque-
ous environment and is a 1:2 electrolyte in water, forming a solution
with a neutral pH. In this study, the Ba2+ from BaCl2 reacted with SO42−

ions from Na2SO4 to form an insoluble white precipitate of BaSO4 and a
solution of NaCl. The Fe-(Ba-BC) adsorbent provided a surface for the
chemisorption of Ba2+, with valency forces sharing electrons between
the biochar and BaCl2. The reaction of the Fe-(Ba-BC) sample with an
aqueous solution of Na2SO4 resulted in a double displacement reaction
because they exchanged ions or bonds to form new compounds (Fig. 6):

Ba2+(s) + SO42−(aq) ⇒ BaSO4(s) (8)

6
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Fig. 6. Proposed mechanism of SO42− removal by chemosorption from Fe-impregnated biochar modified with BaCl2.

It has been shown previously that temperature has no significant ef-
fect on the precipitation of BaSO4 (Kartic et al., 2018).

4. Conclusion

Fe-(Ba-BC) proved to be an efficient sorbent for the removal of
SO42− from aqueous solutions. The maximum removal efficiency
achieved was 96.7% in 480 min at pH 9, 2 g of adsorbent, a 0.25 M so-
lution of BaCl2 and a fixed initial concentration of 1500 mg L−1 SO42− at
room temperature. The Raman analysis, including D and G bands,
showed the high intensity of Fe-(Ba-BC) peaks before the experiment
compared to after the experiment, indicating the reaction of BaSO4 pre-
cipitation. The XRD, SEM, and EDS results confirm the modification of
BaCl2 onto the Fe-(Ba-BC). XRD is indicating the highest peak reflection
2θ = 5.73° while after experiment shows thriving reflections of BaSO4
revealing the highest reflection 2θ = 4.45°. SEM and EDS before the in-
vestigation shows weight percent of Ba 19.46% and 13.278. The results
after the experiment show the decline peaks of Ba with weight 0.14%
and 0.93% indicated the precipitation of -Ba2+ combined with SO4−2.
PSO kinetics with R2 = 1 indicated chemosorption. These results con-
firm that Fe-(Ba-BC) could be used as an adsorbent to remove SO42−

from wastewater.
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