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Abstract: The review briefly summarizes literature information on the use of sorghum biomass 

components (stems, leaves, roots) and waste (husks, bagasse) as sorption materials to remove the ions 

of various metals (As(V), Cd2+, Cr(III), Cr(VI), Cu2+, Fe3+, Mn(II), Ni2+, Pb2+, Tl+, Zn2+), dyes and other 

organic compounds from aqueous media. Brief information is provided on how sorghum biomass 

components and waste are used in various industries. The review presents the parameters of the above 

pollutants' adsorption process by sorghum biomass components and waste. It is shown that treating the 

latter with various chemicals improves their sorption characteristics for various pollutants. It was found 

that adsorption isotherms are described by various models, most often by those of Langmuir and 

Freundlich. In most cases, the process kinetics follows the pseudo-second-order model. It has also been 

shown that sorghum biomass components and waste are good precursors for activated carbons and 

carbonized production, which are also used to remove organic and inorganic pollutants from aquatic 

environments. 
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1. Introduction 

The pollution of the World Ocean with various pollutants is currently one of the global 

environmental problems of our time. The main sources of pollutants entering water bodies 

include, as a rule, untreated or insufficiently treated wastewater from various processes, man-

made accidents, and other factors.  

There are various ways to treat wastewater and the water surface from various 

pollutants. However, it should be noted that the use of a particular treatment method depends 

on the composition of pollutants in the wastewater, which significantly complicates the 

equipment support of the process and the use of universal methods. However, a universal 

method allows removing almost all pollutants from aqueous media, regardless of the initial 

concentration of the latter, i.e., adsorption. 
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In industrial production, activated carbons (AC) produced from vegetable or mineral 

raw materials by thermal activation are often used as sorbents. However, the use of ACs is 

limited by high cost, abrasion, and the need for regeneration, which significantly increases the 

cost of wastewater treatment. 

Given the above, work is currently underway to study wood biomass [1-6], agricultural 

raw materials [7-10], and natural mineral media [11-15] waste as sorption materials. Biomass 

components and agricultural raw materials waste are particularly interesting as sorption 

materials due to such positive aspects as high tonnage, annual formation, high efficiency, low 

cost, etc. 

Cereals are worthy of attention as a food source for people and animals. After 

processing and separating the grains, straw, husk, husking bran, etc., are formed as waste. The 

volume of the latter is very huge and amounts to hundreds of thousands of tons. The question 

of grain crop waste recycling naturally arises. 

One of the ways to use agricultural waste, including those of cereals, is using them as 

sorption materials to remove various pollutants from aqueous media. In particular, it was shown 

that the wastes of wheat [16], rice [17-21], barley [22], rye [23], mays [24, 25], and other 

cereals work well as reagents to remove a variety of pollutants from aqueous media. 

A widespread grain crop worldwide is Sorghum, a genus of annual and perennial 

herbaceous plants of the grass or bluegrass family (Poaceae). It includes about 30 species that 

grow in Asia, Africa, South and North America, Europe, and Australia. A number of sorghum 

species are grown as cultivated plants — grain, technical, and fodder crops. The upright high 

stem can have a height of 0.5 m in dwarf forms and up to 7 m in some tropical varieties. There 

is no internal cavity. The inner part is filled with parenchyma. Cultivated forms of Sorghum 

usually have several stems. The root system is well developed, and its depth can reach 2-2.5 

m. The leaf blade is lanceolate, and the edges are sharp. The inflorescence is a panicle, erect, 

spreading, drooping or bent. Normally, the panicle is from 10 to 70 cm long, in some cases 

longer. The seed grain, as a rule, is oval or ovoid and can be filmy or bare. The color is white, 

pink, red, or yellow. The weight of the grain is 5-32 mg. Sorghum is a thermophilic, heat- and 

drought-resistant crop. The optimal temperature for seed germination, plant growth, and 

development is +20...+30°C. Sorghum is not moisture-demanding. The amount of water 

required by sorghum seeds to swell is 35% of the total seed weight. Sorghum grains are 

processed into cereals, flour, starch, and alcohol. The green mass is used for livestock feed, 

including silage, but not any, since young plants of many sorghum species are poisonous [26]. 

The major sorghum producer is the USA. It is followed by Nigeria, Sudan, Mexico, 

Ethiopia, and India, among the main producers of Sorghum [26]. 

Because Sorghum is a low-maintenance crop that can thrive in arid, poor soils, it can 

be used for phytoremediation of sites contaminated by metal ions and petroleum hydrocarbons 

[27-31]. In addition, sorghum biomass after grain separation is recommended for the 

production of bioplastics [32], concrete [33], and chipboard [34]. Sorghum biomass can also 

be used to produce cellulose fibers [35, 36], antioxidant bio-colorant pigments [37], 

anthocyanidin and phenolic substances [38], and natural dyes [39]. It has also been found that 

bioethanol [40-42], methane [43], and hydrogen [44] can be produced from sorghum biomass, 

sucrose [45], xylitol [46], amylase [47], and protease [48] and other valuable organic 

compounds can be selected from it. There are a number of sources of literature on the 

production of such inorganic components as SiO2 [49-51] silicon carbide [52] from sorghum 

biomass. 
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One of the ways to use sorghum grain processing biomass and waste is their use as 

sorption materials to remove metal ions, dyes, and other organic pollutants from aqueous 

media. 

2. The Use of Sorghum Biomass Waste to Remove Metal Ions from Aqueous Media 

The world literature contains a vast amount of information, including a review work 

[53] on using biomass components and sorghum processing waste to remove various metals 

from polluted water. In this review, metal ions are arranged alphabetically for convenience's 

sake. 

As(V) ions, the biomass of sorghum components has been studied as a sorption material 

to remove As(V) ions from groundwater under dynamic conditions with varying pH values in 

the pH range = 2-10 [54-57]. It was found that the As(V) ions adsorption capacity at pH = 4.5 

and t = 60 min of contact time was 8.43 mg/g and 6.99 mg/g for free and immobilized biomass 

of Sorghum, respectively [54]. After HCl treatment, As(V) ions were recovered in 91% and 

95% of free and immobilized As(V) ions saturated biomass, respectively [55]. It was found 

that the adsorption isotherms were most accurately described by the Freundlich model [56]. 

Also, the effects of CaCl2, MgCl2, FeSO4, MgSO4, Fe(NO3)3, and humic substances on As(V) 

binding to sorghum biomass were evaluated. Among these compounds, only iron salts were 

found to positively increase the sorption of As(V) ions to sorghum biomass [57].  

Cd(II) ions work was performed to study the adsorption of Cd2+ ions by native and 

NaOH-treated Sorghum drummondii SB. It was determined that the maximum sorption 

capacity of native SB was 1.52 mg/g, after treatment – 7.76 mg/g. Sorption mechanism and 

thermodynamic investigations suggested that Cd2+ ions removal by modified SB is a 

chemisorption and endothermic process, while Cd2+ ions removal by SB is predominantly 

physisorption and exothermic [58]. To improve sorption characteristics, it is proposed that 

sorghum husk be modified or carbonized. This made it possible to increase the maximum 

sorption capacity for Cd2+ ions to 54.9 mg/g and 58.9 mg/g, respectively). These results showed 

that the pseudo-second-order kinetic model best described the sorption process [59].  

Cr(III) and Cr(VI) ions. There are several international publications on the study of the 

adsorption of Cr(III) and Cr(VI) ions by SB biomass. In particular, the adsorption of Cr(III) 

ions by sorghum straw was studied. First, sorghum straw sorption parameters were determined 

– the total surface area was 1.205 m2/g, the pore volume was 0.0044 cm3/g, and the average 

pore diameter was 13.54 nm. It was found that the maximum sorption capacity of sorghum 

straw for Cr(III) ions was 9.35 mg/g, and the main mechanism of the process is film diffusion 

[60] and ion exchange and complexation [61]. 

To improve the sorption characteristics of SB for Cr(III) ions, it was treated with urea 

under microwave radiation. It was found that treatment allows increasing the SB maximum 

sorption capacity from 7.03 mg/g to 16.36 mg/g. It was found that the Langmuir equation 

represented the adsorption process very well in both cases. It also was found that the process 

followed pseudo-second-order kinetics [62]. 

The adsorption of Cr(VI) ions by native Sorghum stems has also been investigated. It 

was determined that the maximum sorption capacity was 5.78 mg/g at pH = 1, and the sorbent 

dosage was 5 g/dm3 and 200 rpm. It was found that the adsorption isotherms are more 

accurately described by the Langmuir model (R2 = 0.959), and the kinetics of the process follow 

the pseudo-second-order model [63].  
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Also, the adsorption isotherms of this process were additionally calculated using two-

parameter isotherm models (Harkins–Jura, Halsey, Smith, El-Awady, and Flory–Huggins) and 

three-parameter isotherm models (Redlich–Peterson and Sips). Also, the mechanism of 

adsorption has been studied using diffusion kinetic models (viz. liquid film diffusion, 

Dunwald–Wagner intra-particle diffusion model, and moving boundary model. It was 

determined that the Flory most accurately describes the adsorption isotherm–Huggins model 

(R2 = 0.983), and the Moving boundary model is more suitable for describing the process 

mechanism [64].  

Cu(II) ions, several publications on sorption purification of aqueous media from Cu2+ 

SB ions were found. Thus, there was a study of removing Cu2+ ions with the latter's initial 

concentration from 1 mg/dm3 to 30 mg/dm3 by biomass of various agricultural plants, including 

SB. It was found that the maximum Cu2+ ion removal was provided by the following process 

conditions: pH = 6, sorbent dosage – 1.5 g/dm3, temperature – 30°C. It was determined that an 

increase in Cu2+ ion initial concentration decreased the efficiency of removing copper ions 

from 98% to 68% [65]. 

The removal of Cu2+ ions by native and heat-treated at 150°C sorghum stem biomass 

was also studied. At an initial concentration of copper ions of 50 mg/dm3, the removal rate by 

native stems was 90%, and by thermally treated – 95% [66]. 

In another paper [66], native sorghum stems were also studied to remove Cu2+ ions 

from simulated solutions at various temperatures. The maximum sorption capacity was found 

to be 7.94 mg/g. On changing the initial concentration of Cu2+ from 35 to 200 mg/dm3, the 

amount adsorbed increased from 1.42 to 5.92 mg/g. It was determined that the Freundlich 

model more accurately described the adsorption isotherms, the kinetics of the process were 

described by the pseudo-second-order model, and the Webers intraparticle diffusion model 

described the mechanism. The thermodynamic parameters of the process were calculated: ΔG 

= -1.30 - -7.21 kJ/mol at temperatures from 303K to 343K, ΔH = 43.44 kJ/mol, ΔS = 0.15 

kJ/mol/K, which indicate physical adsorption [67].  

The influence of the main components (cellulose, hemicellulose, and lignin) of the 

sweet sorghum stalk on radiation-induced grafting reaction and adsorption of Cu2+ ions from 

aqueous solution was investigated. Sweet sorghum stalk was grafted with acrylic acid induced 

by γ-irradiation. The results showed that the grafted stalk contained 1.6 mmol/g carboxyl 

groups, and its maximal adsorption capacity was 13.32 mg/g. The adsorption capacity of the 

grafted sweet sorghum stalk increased about five times, and the adsorption isotherm of the 

grafted materials conformed to the Langmuir model. The main mechanism for copper 

adsorption involved in ion exchange [68]. 

It was determined that sorghum leaves had a slightly higher maximum sorption capacity 

compared to native stems of the plant – 10.53 mg/g. Equilibrium data were well fitted to the 

Langmuir isotherm model and the pseudo-second-order kinetic model. The desorption of metal 

ions was also monitored by hydrochloric acid [69]. 

Reported a new biosorbent, the fermented sweet sorghum residues (FSSR), which is a 

byproduct of bioethanol production by fermentation of sweet sorghum straw, to remove Cu2+ 

ions from aqueous solution. It was found that fermentation contributes to an increase in the 

maximum sorption capacity from 0.83 mg/g to 1.94 mg/g. Also, the adsorption capacity of 

FSSR for Cu2+ ions was increased with the increase in pH. The adsorption process of Cu2+ by 

SSR and FSSR conformed to the Elovich kinetic model. The isothermal adsorption process 

conformed to the Freundlich and the Tempkin models [70]. 
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Fe(III) ions, the biomass waste of bagasse sorghum, was utilized as an adsorbent to 

remove Fe3+ ions. Bagasse sorghum was modified using citric acid to enhance the adsorption 

of Fe3+ ions. The kinetics models fitted well to the pseudo-second-order model, indicating the 

adsorption mechanism of Fe3+ onto the modified bagasse sorghum was chemisorption 

supported by the Elovich model. The isotherm study was described well by the Freundlich 

model (R2 = 0.941) with maximum adsorption of 45.872 mg/g [71]. 

Ni(II) ions. Investigate the use of unmodified and carbonized sorghum hull (размер 

пор – 150 µm and 250 µm) in the removal of Ni2+ ions from aqueous solution. The maximum 

adsorption for 150 µm and 250 µm were at 40 and 60 min. respectively (38.25 mg/dm3 and 

38.55 mg/dm3, recpectivelly). Both pore sizes showed peak adsorption of Ni2+ at different 

adsorption times, respectively. These results showed that the pseudo-second-order kinetic 

model best describes the process, and the adsorption mechanism shows that both 150 µm and 

250 µm were film diffusion-controlled [72]. 

Pb(II) ions. Sorghum stems were also studied as a sorption material to remove Pb2+ ions 

from simulated solutions. The effects of various experimental parameters, such as contact time, 

initial Pb2+ ion concentrations, pH, adsorbent dosage, and medium temperature, on the 

adsorption process were discussed. It was found that the maximum sorption capacity was 3.69 

mg/g for a native sorghum stem sample. The adsorption isotherms are most accurately 

described by the Langmuir model, and the kinetics of the process more clearly follow Weber's 

intraparticle diffusion model. The thermodynamic parameters (ΔG = 1.32 - -1.61 kJ/mol at 303 

– 343K, ΔH = 23.50 kJ/mol, ΔS = 0.07 J/mol-K) indicate physical adsorption [73]. 

To improve SB sorption characteristics for Pb2+ ions, SB was treated with thiourea 

under microwave radiation. It was found that such treatment (modification) makes it possible 

to increase the maximum sorption capacity from 6.29 mg/g to 17.82 mg/g. It was found that 

the adsorption isotherms are most accurately described by the Langmuir model, and the kinetics 

of the process correspond to the pseudo-second-order model [74]. 

Sorghum husk with particle sizes 150 and 250 microns was proposed to be treated with 

mercaptoacetic acid to improve its sorption characteristics for Pb2+ ions. It was found that the 

sorption capacity for lead ions after 80 minutes of contact was 39.09 mg/g. The authors 

determined that the kinetics of the process correspond to the pseudo-second-order model [75].  

A modified NaOH sorghum bagasse (MSB) was used to adsorb Pb2+ ions from an 

aqueous solution. MSB shows smoother, increasing porosity and pore size (mesopore). The 

adsorption of Pb2+ by the adsorbents was optimum at pH = 5.0, contact time 15 min, adsorbent 

dosage 6 g/dm3, and initial concentration 80 mg/dm3. The pseudo-second-order model was 

suitable for describing the kinetics of the process with the diffusion model of the Elovich 

model. The adsorption isotherm model was suitable with the Langmuir model and gives a 

maximum adsorption capacity of 12.29 mg/g. The Gibbs free energy was negative, and the 

enthalpy was negative, indicating the adsorption was a spontaneous and exothermic [76]. 

Laboratory experiments were designed to identify the adsorption features of Pb2+ ions 

by sorghum vinasse under various conditions. The results showed that the adsorption capacity 

enhanced with the increasing pH and peaked (68.42 mg/g) when pH = 6. With the sorghum 

vinasse dosage ranging from 0.0250 to 0.2000 g, the adsorption capacity declined from 55.59 

mg/g to 44.84 mg/g, and the Pb2+ ions removal rates increased from 13.52% to 91.14%. The 

pseudo-second-order kinetic and Langmuir model could well illustrate the adsorption process. 

The adsorption of Pb2+ ions on sorghum vinasse is a chemical and spontaneous process via 
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monolayer adsorption involving physical absorption, ion exchange, surface complex with 

oxygen-containing functional groups, and chemical reactions [77]. 

Tl(I) ions, an adsorbent based on nitro-oxidized nanocellulose (NONC) extracted from 

sorghum stalks, was shown to be a highly effective Tl+ ions removal medium. The 

demonstrated NONC adsorbent exhibited high Tl+ removal efficiency (>90% at concentration 

< 500 ppm) and high maximum removal capacity Qmax = 1898 mg/g using the Langmuir 

model. The results indicate that adsorption occurs mainly due to electrostatic attraction between 

cationic Tl+ ions and anionic carboxylate groups on NONC, where the adsorbed Tl+ ions sites 

become nuclei for the growth of thallium oxide nanocrystals at high Tl+ ions concentrations. 

The mineralization process enhances the Tl+ removal efficiency, and the mechanism is 

consistent with the isotherm data analysis using the Freundlich model [78]. 

CN(I)- ions, Sorghum stems will be considered as an adsorbent for the removal of 

cyanide ions in aqueous solution. It is found that the pseudo-second-order kinetic model best 

described the experimental data with a high coefficient of determination and that the Langmuir 

isotherm model fitted better than the Freundlich and Temkin models. The Langmuir maximum 

adsorption capacity was 76.92 mg/g at 293 K. The thermodynamic study showed that the 

adsorption of cyanides on SSPs was endothermic and spontaneous and that it was 

chemisorption [79]. 

Multiple metal ions. As shown above, the values of the maximum sorption capacity of 

metal ions by sorghum biomass components vary significantly. This is due to the fact that 

experiments by different groups of authors were conducted under completely different 

conditions. Therefore, it is not entirely correct to compare the resulting data with each other. A 

comparative analysis of sorption characteristics is viable when adsorption experiments are 

carried out under the same conditions. 

In this regard, the data on the study of various metal ions adsorption by components of 

sorghum biomass and its waste is analyzed below.  

2 metal ions. Several papers have been found on the study of removing 2 metal ions 

from aqueous media by components and waste of sorghum biomass. In particular, Cd2+ and 

Cu2+ ions were removed from simulated solutions by sorghum biomass waste modified with 

thiourea under microwave exposure. Langmuir's model indicated that the maximum metal ion 

removal capacity of sorghum waste was 17.241 mg/g and 15.151 mg/g for Cd2+ and Cu2+ ions. 

Found that maximum removal of these toxic ions occurred in slightly acidic pH = 5-6 

conditions, following a pseudo-second-order kinetic model. Boyd plots indicated that film 

dispersion mode was the rate-determining step [80]. 

Also, the adsorption behavior of sorghum husk with respect to Cd2+ and Pb2+ ions has 

been studied to consider its application to wastewater treatment. The optimum pH for Cd2+ and 

Pb2+ removals by sorghum husk were pH = 6 and pH = 5, respectively. Based on the Langmuir 

model, the maximum sorption capacity of sorghum husk for Cd2+ ions was calculated to be 

6.99 mg/g, for Pb2+ ions - 58.82 mg/g. The data was best fitted with the Langmuir model [81]. 

Sorghum bicolor root powder was studied as a sorbent to remove Cr(VI) and Cu2+ ions 

from simulated solutions. It was found that the optimum pH and temperature for biosorption 

of both metals was found to be pH = 2 and T = 20°C, respectively. The maximum biosorption 

capacity for Cu2+ and Cr(VI) ions is 18.6 mg/g and 18.39 mg/g, respectively. The Langmuir 

model gave a better fit than the other two models. The kinetic studies indicated that the 

biosorption process of the metal ions followed a well pseudo-second-order model. The 
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thermodynamic parameters were also calculated, and the values indicated that the biosorption 

process was exothermic, spontaneous, and feasible [82]. 

Also, the use of modified and unmodified sorghum hulls in the removal of Ni2+ and 

Cu2+ ions from aqueous solution should be investigated. The effect of pH, particle size, and 

chemical modification were investigated and reported. pH significantly affected the adsorption 

with maximum adsorption at pH = 10. Adsorption increased as chemical modification by 

thiolation with mercapto-acetic acid solution increased. The highest extent of removal was at 

pH = 10 for Ni2+ and Cu2+ ions. Ni2+ ions had 98.69%, while Cu2+ ions had 94.65% removal. 

The trend of metal ion removal was Ni2+ > Cu2+ ions [83]. 

Sorghum waste was found to be effective for the removal of Cu2+ and Zn2+ ions from 

aqueous solutions. The result obtained shows that the extent of metal ions removed increases 

with increasing contact time, increasing adsorbent doses, and increasing metal ion 

concentrations. It was determined that the maximum sorption capacity of sorghum waste for 

Cu2+ ions was 14.2 mg/g and for Zn2+ ions - 13.2 mg/g. It was determined that the adsorption 

isotherms of both metals corresponded to the Freundlich model (R2 > 0.998). The kinetics of 

the adsorption process best fit the pseudo-second-order kinetic model. The adsorption of these 

metal ions from aqueous solution was consistent with the mechanism of physical adsorption 

[84]. 

Ions of 3 or more metals. Studies on the adsorption of three or more metal ions by 

components of sorghum biomass have been documented in international literature.  

Proposed the adsorption characteristics of Cd2+, Cu2+, and Pb2+ onto Sorghum bicolor 

L. biomass from aqueous solutions. Maximum adsorption for all metal ions has taken place at 

pH = 5.0–6.0. Langmuir, Freundlich, Temkin, andDubinin–Radushkevich isotherm models in 

a nonlinear fashion were used to explain the phenomenon. The maximum adsorption capacity 

of Sorghum bicolor L. biomass was 7.87 mg/g, 4.34 mg/g, and 6.29 mg/g for Cd2+, Cu2+, and 

Pb2+ ions, respectively. It was found that the process followed pseudo-second-order kinetics. 

The thermodynamic study indicated the process's favorability [85]. 

Also, the adsorption efficiency of sorghum waste for removing Cr(III), Cu2+, and Ni2+ 

ions from aqueous solution using a batch process. It was found that after an 80-minute 

interaction time, the sorghum waste sorption capacity could be arranged in the following row 

according to the above ions: Cu2+ (14.2 mg/g) > Ni2+ (6.5 mg/g) > Cr(III) (3.0 mg/g). The 

adsorption of these metal ions from an aqueous solution is consistent with the physical 

adsorption mechanism; it is time, concentration, adsorbent dose, and pH-dependent. Its 

adsorption characteristics best fit the Freundlich model (R2 > 0.998). The adsorption kinetic of 

the adsorbates agrees excellently with the pseudo-second-order kinetic models [86]. 

The adsorption of Cu2+, Ni2+, and Zn2+ ions by mercaptoacetic acid-treated sorghum 

biomass with particle sizes of 106 microns and 250 microns was studied. It was determined 

that sorption efficiency followed the trend Cu2+ (148.0 mg/g) > Ni2+ (90.9 mg/g) > Zn2+ (15.8 

mg/g) for 106µm. Equilibrium sorption of the three metal ions on the adsorbents using the 

coefficient of determination (R2) showed that sorption of Zn2+ followed Langmuir isotherm; 

sorption of Zn2+ ions - by Freundlich isotherm and sorption of Cu2+ ions - by Temkin isotherm 

[87]. 

Sorghumwaste in nature and chemically activated with phosphoric acid was used as a 

solid phase extraction material to determine Cd2+, Cu2+, Mn(II), and Pb2+ ions in aqueous 

solutions. The adsorption capacity of modified sorghum waste was determined by the batch 

method under the optimized conditions. The adsorption capacity of modified sorghum waste 
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was found to be 9.53 mg/g, 11.77 mg/g, 11.64 mg/g, and 15.01 mg/g for Cd2+, Cu2+, Mn(II), 

and Pb2+ ions, respectively [88]. 

The removal of Cd2+, Cr(III), Cu2+, and Pb2+ ions by native and treated Sorghum bicolor 

biomass was also studied. The modification of sorghum biomass (SB) was successfully carried 

out using commercial urea (USB) and thiourea (TSB) as modifying agents under microwave 

irradiation. The optimum removal of metal ions by SB, USB, and TSB was found at slightly 

acidic pH. The Langmuir model showed a better fit to equilibrium data than other models. The 

values obtained in the case of TSB were the highest, showing its efficacy relative to SB and 

USB. Kinetic modeling of the equilibrium data showed that a pseudo-second-order mechanism 

governed the studied biosorption process, and boundary layer diffusion was the rate-

determining step. Thermodynamic studies were also performed, which showed that biosorption 

of studied metal ions by SB, USB, and TSB was endothermic and spontaneous [62, 74, 80, 85, 

89]. 

The analysis of the above data on the adsorption of various metal ions allowed us to 

conclude that the components of sorghum biomass have the greatest sorption capacity for Pb2+ 

ions. Slightly lower sorption characteristics are observed for Cu2+ and Ni2+ ions. The worst 

sorption rates are observed for Zn2+ and Cd2+ ions. 

3. Using Sorghum Biomass Components to Remove Dyes from Aqueous Media. 

There are international publications on the studies of dye sorption by \sorghum biomass 

components. The largest number of publications is devoted to removing methylene blue [90- 

]. In particular, one describes a study on removing this dye from simulated solutions of 

groundnut shell (GS) and sorghum husk (SH) under static conditions. It was found that at an 

initial dye concentration of 50 mg/dm3, the sorghum husk sorption capacity was 0.69 mg/g 

[90]. In [91], the GS and SH were also used as adsorbents for Methylene blue (MB) dye 

adsorption. Langmuir, Freundlich, Temkin, and Harkins-Jura models were used to represent 

the equilibrium data. It was found that the Langmuir model was more adequate to represent the 

equilibrium data for MB with GS, whereas the Temkin model fitted well to both GS and SH 

for MB. The maximum adsorption capacity was found to be 7.052 mg/g and 15.3846 mg/g for 

GS and SH, respectively, with MB dye. It was seen that the pseudo-second-order kinetic 

equation could best describe the sorption kinetics for all the adsorption processes [91]. 

The removal of MB dyes from simulated solutions with crushed Sorghum stem biomass 

with varying process parameters was also studied under static conditions. At an initial dye 

concentration of 10-100 mg/dm3, the recovery of methylene blue adsorption has been exceeded 

by 80%. The adsorption isotherm study shows that the adsorption isotherm of MB onto 

Sorghum raw stems follows the Langmuir model, and the maximum adsorption capacity 

corresponding was 27.78 mg/g at 313 K. The pseudo-second-order kinetic model adequately 

describes the kinetic data with a high determination coefficient (R2=0.99). The estimated values 

for ΔG° were -2.56, -3.31and -3.78 kJ/mole at 295, 303, and 313 K, respectively. The enthalpy 

changes ΔH°, and entropy ΔS° of adsorption were 17.19 kJ/mole and 67.24 J/mole-K, 

respectively, indicating physical endothermic spontaneous absorption [92]. 

Sorghum stem sorption characteristics for MB dye can be improved by modifying the 

latter with various chemicals. In particular, a composite was obtained from waste of Sorghum 

vulgare coated with conducting polypyrrole (PPy) by in situ polymerization using potassium 

persulfate as a chemical oxidant. The adsorption capacity at neutral pH for uncoated Sorghum 

at an equilibrium concentration (Ce) of MB dye of 10 mg/dm3 was 41.6 mg/g of Sorghum, and 
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for sorghum/PPy composite was 68.4 mg/gram of composite, which is 1.6 times higher; 

however, the maxima adsorption capacities were 86.2 and 94.4 mg/g, respectively. It was also 

observed that at acidic pH for a Ce of 10 mg/dm3, the adsorption capacity of the composite was 

79.2 mg/g of composite, and the maximum adsorption capacity was 143.5 mg/g). The 

adsorption mechanism was well described by the Langmuir isotherm [93]. 

Besides, Sorghum stem modification with citric acid helps achieve a maximum sorption 

capacity of 534.76 mg/g for this dye [94]. Treating Sorghum bicolor stems with pyromellitic 

dianhydride provided a maximum sorption capacity of 568.18 mg/g. It is determined that the 

kinetics study showed that the adsorption processes followed the pseudo-second-order kinetic 

model, which confirms that the sorption rate is controlled by chemical adsorption. Equilibrium 

isotherms were analyzed using the Langmuir and Freundlich models. Langmuir model can be 

fitted better than the Freundlich model. It was found that with initial dye concentrations of 200-

400 mg/dm3, the degree of MB dye removal exceeds 99% [95]. 

Sorghum stem was used to become cellulose aerogel, which was then used as an MB 

dye absorbent. Cellulose was prepared by sorghum stem powder delignification using 6%w of 

NaOH solution. The ratio of powder and NaOH was varied at 1:12, 1:15, and 1:20. After this 

process, the powder was synthesized with NaOH/Urea to produce an aerogel by the freeze-

drying method. The maximum sorption capacity evaluated with the result is 3.42, 11.55, 11.18, 

and 10.58 mg/g, respectively, for commercially activated carbon, 1:12, 1:15, and 1:20 aerogel. 

Sorption using Sorghum stem aerogel is better than activated carbon because the % removal 

using Sorghum stem aerogel is three times greater than activated carbon [96]. 

Studies have also been conducted on removing MB dyes from simulated solutions by 

sorghum processing waste under dynamic laboratory conditions. Obtained data indicated that 

to remove MB, the best operation conditions were obtained for a bed height of H=21cm, initial 

concentration MB of 100 mg/dm3, and a flow of 6 sm3/min. The characteristics of the 

breakthrough curves of the sorption process of MB with sorghum waste allow us to evaluate 

that the column operates with high efficiency since removals of methylene blue of up to 90.68% 

are achieved. Under these conditions, the Thomas model best represents the experimental data 

of the biosorption curves of MB with a sorption capacity of 18.97 mg/g [97]. 

Congo red dye was also removed using two sorption materials – Sorghum husk and 

groundnut shell. The initial dye concentration was 10-50 mg/dm3. The maximum dye sorption 

capacity of sorghum husks was found to be 0.926 mg/g, and that of peanut shells was 0.937 

mg/g. The studies show that for the adsorption of Congo red dye on sorghum husk and 

groundnut shell, Freundlich isotherm fit the experimental data well due to high R2 values of 

0.983 and 0.9720, respectively. The Temkin binding energy (bT) is positive for the two 

experiments, indicating that the process is endothermic [98]. Another group of authors used 

these two above-mentioned sorption materials to remove Congo red dye from simulated 

solutions. It was found that the maximum sorption capacity for the dye, determined from the 

Langmuir equation, was 4.37 mg/g in the case of groundnut shell and 4.92 mg/g in the case of 

sorghum husk. The pseudo-first and pseudo-second-order kinetic equations, power function, 

and Elovich models were used to model adsorption data. The pseudo-second-order kinetic 

equation best represented the sorption kinetics for all adsorption processes. Like in the previous 

case, the adsorption isotherm is more accurately described by the Freundlich model [99]. 

Erythrosine dye removal from an aquatic area using natural absorbents, namely 

Sorghum and Ziziphus nummularia pyrene, was also reviewed. The highest adsorption was 

achieved in the first 30 min of adsorbent-dye contact time. Also, most of the adsorption 
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occurred at pH values of pH = 4- 8. Moreover, the highest amount of dye removal was observed 

in 20 mg/dm3 concentrations for the Ziziphus nummularia pyrene and 5 mg/dm3 for the 

Sorghum. Both adsorbents showed a better agreement with the Langmuir model [100]. 

In [101], the efficacy of using HCl-modified malted sorghum mash to remove basic 

fuchsin dye from aqueous solution was investigated through batch adsorption studies. The 

quantity of fuchsin dye removed by the adsorbent increased with an increase in contact time, 

and optimum adsorption was achieved in 30 min. The adsorption process depended on the 

aqueous solution's pH, with optimum removal of dye occurring between pH = 4 and pH = 9. It 

was found that the absorption of dye by the adsorbent increased with an increase in initial dye 

concentration but decreased with an increase in the adsorbent dose. The Langmuir (R2 = 0.992) 

and Temkin (R2 = 0.983)  models described the experimental data. The maximum adsorption 

capacity of HCl-modified malted sorghum mash was 58.48 mg/g at 304 K. The pseudo-second-

order model yielded a much better fit than the other kinetic models. The free energy of 

adsorption (ΔG°) was evaluated as -22.54 kJ/mol. The negative value of ΔG° confirmed the 

feasibility of the process and the spontaneous nature of adsorption [101].  

Starch produced from sorghum biomass was used to remove the Maxilon red GRL dye 

from simulated solutions. It was found that the maximum sorption capacity for this dye was 

16.75 mg/g. It was also determined that the highest dye removal rate was provided at pH = 10 

[102].  

For example, in the case of metal ions, it isn't easy to compare the data obtained by 

groups of authors on the sorption characteristics of dyes under different conditions. Several 

articles have been found on using sorghum biomass components to remove the two dyes under 

identical experimental conditions. 

In particular, there was a study of methylene blue and Congo red removal from sorghum 

husk simulated solutions. Response surface methodology (RSM) optimization was carried out 

using Box-Behnken design of design expert software. Effects of contact time, pH, and 

adsorbent dosage on the biosorbent performance on the dye removal were investigated. 

Optimization of the process variables gave optimum contact time of 138.05 min, pH = 3.00, 

and adsorbent dosage of 4.00 g/dm3 with percentage removal of 94.22 % for methylene blue 

and 88.63 % for Congo red [103]. 

Also, a magnetically tuned biosorbent was prepared from sorghum husks using in situ 

co-precipitation of Fe3O4. The biosorbent was then used to remove methylene blue and crystal 

violet dyes from aqueous solutions in a batch process. The response surface method was used 

to optimize adsorption using Box–Behnken experimental design. A pseudo-second-order 

kinetic model with a correlation coefficient (R2)>0.9 was the most appropriate for both dyes. 

The equilibrium data were best fitted with Langmuir isotherm with maximum adsorption 

capacity (Qmax) of 18.87 and 30.00 mg/g for Methylene blue and Crystal violet dyes, 

respectively. The thermodynamic parameters for the adsorption processes showed that it was 

spontaneous, endothermic, and random systems with free energy changes less than zero, 

enthalpy changes ∆H = +49.81 and +51.18 kJ/mol, entropy changes (∆S) = +178.39 and 

+177.34 J/mol‧K for Methylene blue and Crystal violet dyes, respectively. Optimization studies 

revealed that 95% of the dyes are removable at 1.0 g adsorbent dosage and pH = 4.05 at 50°C 

with an initial dye concentration of 50 mg/dm3 [104].  

Sorghum bicolor L. was modified by means of phthalic anhydride for the enhanced 

removal of reactive dies. Alizarin red S (ARS) and Bromophenol blue (BPB) were used as a 

substrate for removal. The observed optimum values were 1 g/500 ppm for ARS and 1 g/300 
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ppm for BPB at neutral pH within 25-30 min at room temperature. The equilibrium statistics 

fitted well in the Langmuir equilibrium model with maximum adsorption capacities of 285.71 

and 65.78 mg/g for ARS and BPB, respectively. The kinetic data was followed by the pseudo-

second-order rate equation. The thermodynamics study revealed that the process was 

exothermic and spontaneous [105].  

Also, Sorghum bicolor and white clover (Trifolium repens) extracts as plant coagulants 

can be used for wastewater treatment instead of chemical coagulants. It was found that in the 

optimum treatment conditions of 100 mg/dm3 coagulant dose and pH = 7, high turbidity 

(81.34%) and COD reduction (62%) (compared with alum and FeCl3) were obtained. The 

percentage of COD reduction is higher in white clover than the Sorghum coagulant, and the 

turbidity reduction percentage is higher in Sorghum bicolor [106]. 

4. Production of Activated Carbons from Sorghum Biomass Components and Using the 

Former for Purification of Aquatic Environments from Various Pollutants. 

One of the applications of sorghum biomass is to produce activated carbons or 

carbonized substances and use them to remove various pollutants from aqueous media. Thus, 

in particular, we looked at four varieties of sweet Sorghum and processed their bags into 

biochars at low (350°C) and high temperatures (700°C). Several physicochemical and 

adsorptive properties were also determined to ascertain their potential use as either adsorbents. 

It was determined that the total surface area of carbonizates produced at 350°C was 0.73-2.49 

m2/g and that of activated carbons produced at 700°C – from 116 m2/g to 216 m2/g. It was also 

determined that the average volume of micropores was 1.3 m2/g (350°C) and 99.1 m2/g (700°C) 

[107]. 

Sorghum straw activated with phosphoric acid was used to produce activated carbon at 

450°C. It was determined that the total area of activated carbon was more than 600m2/g. It was 

found that the sorption capacity for the Methylene blue dye was 662 mg/g, for iodine – 667 

mg/g [108]. 

The Sorghum durra stalk was employed as a novel precursor for forming high surface 

area activated carbons (ACs) by utilizing ZnCl2 as an activating agent followed by pyrolysis in 

a flow of N2 gas. The formation of ACs has been investigated at different pyrolysis 

temperatures (400, 500, and 600°C) and different ZnCl2 impregnation concentrations. The 

results indicated that the AC could be formed with high carbon contents, good thermal stability, 

large specific surface areas in the 1200–1817 m2/g range, and nanostructured in graphene-like 

layers of 5-6 nm thick. In addition, the textural flexibility (in terms of super-micro/meso 

porosity) of the produced ACs can be fine-tuned by pyrolysis conditions. The potential 

application of ACs was tested for the removal of dye methylene blue (MB) in aqueous media. 

The adsorption isotherms and kinetics of dye on ACs were examined at 25°C. The ACs showed 

a high adsorption capacity, as high as 386 mg dye/g. The adsorption of MB was better described 

by the Langmuir isotherm model and followed the pseudo-second-order equation [109]. 

Two biomass carbon adsorbents were synthesized by a KOH activation and 

carbonization route using sorghum stem and root as carbon precursors. Compared with the 

samples without KOH activation, the pore structure of the KOH-activated carbon has been 

dramatically improved. The findings show that the specific surface areas of the adsorbents by 

sorghum stem (S1) and sorghum root (R1) were 948.6 and 168.1 m2/g, respectively. 

Meanwhile, the abundant −OH and –C(O)O− groups on the surface of these adsorbents endow 

them with negative polarity, thereby exhibiting excellent adsorption performance for removing 
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methylene blue (MB) and Pb2+ ions from wastewater. The adsorption amount and removal rate 

of sorghum stem was 98.1 mg/g and 98.08%, respectively, for dye, whereas those of sorghum 

root was 197.6 mg/g and 98.82% for the Pb2+ ions, respectively [110]. 

It also discusses the results of the study of the adsorption of methylene blue dye on 

activated carbon, derived from cheap and abundantly available agro-residue of Sorghum 

bicolor stalk on suitable heat and acid treatment. The batch studies revealed optimum values 

of adsorption parameters such as pH, adsorbent dosage, agitation speed, grain size, 

temperature, and contact time. The adsorption isotherm data were best described by the 

Langmuir isotherm model with a maximum adsorption capacity of 176.05 mg dye/g activated 

carbon at 30 °C [111]. 

Modified sweet Sorghum-derived biochar using bentonite clay was prepared for its 

adsorption behavior towards removing the cationic dye Malachite green. A clay biochar 

composite was prepared by combining clay and biochar in a ratio of 1:5. The composite showed 

an improvement in the adsorption capacity for the dye removal compared to the biochar. It was 

found that the maximum sorption capacity of coal for the dye was 9.84 mg/g, of composite – 

12.13 mg/g. The kinetic studies revealed that the adsorption fits both pseudo-first-order (R2 – 

0.9864) and pseudo-second-order kinetic models (R2 – 0.9975), which indicates both 

physisorption and chemisorption mechanisms for the interaction between adsorbent and 

adsorbate molecules. The adsorption isotherm indicated that the Freundlich model best 

describes the adsorption mechanism [112]. 

Also, the composite was prepared using a 1:5 mass ratio of bentonite to biomass, which 

subsequently underwent fast pyrolysis. Isotherm and kinetic models were used to assess each 

of the adsorbents’ capacity to remove Cr(VI) and Zn2+ ions. Bentonite and biochar showed a 

high adsorption affinity toward Zn2+ ions (Qe = 14.536 mg/g and Qe = 14.063 mg/g, 

respectively) and a poor adsorption capacity for the removal of Cr(VI) ions (Qe = 0.291 mg/g 

and Qe = 0.529 mg/g respectively). The prepared composite had a lower adsorption capacity 

for both metals (Qe = 0.572 mg/g and Qe = 10.897 mg/g for Cr(VI) and Zn2+ ions, respectively) 

compared to the control group [113]. 

The sorghum straw biochar was prepared by pyrolysis of sorghum powder with particle 

sizes ranging from 40 to 120 mesh under an oxygen-limited condition at 550°C for 1 h. A novel 

method has been developed for the simultaneous removal of one of the organic arsenic forms, 

roxarsone (4-hydroxy-3-nitrobenzene arsonic acid) and As(III/V) ions using the modified 

sorghum straw biochar. The removal performance of biochar for roxarsone, arsenite [As(III)], 

and arsenate (As(V)) was investigated using batch experiments. At pH = 5, the arsenic 

concentration of 1.0 mg/dm3, the adsorbent dose of 1.0 g/dm3, the maximum adsorption 

capacities of roxarsone, As(III) ions, and As(V) ions were 12.4 mg/g, 5.3 mg/g, and 23.0 mg/g, 

respectively. The adsorption behaviors fit well with the Langmuir and the pseudo-second-order 

rate model [114].  

Activated carbon produced from sorghum biomass was studied to determine the ability 

to remove Cr(III) and Ni2+ ions from simulated solutions. The experiments were carried out 

with varying process parameters (pH, initial concentration of metal ions, dosage of adsorbent, 

contact time). It was found that the maximum sorption capacity calculated based on the 

Langmuir equation was 25.64 mg/g for Cr(III) ions and 47.62 mg/g. It was found that the 

adsorption isotherm for the Cr(III) ion is more accurately described (R2 = 0.980) by the 

Langmuir model for Ni2+ ions by the Freundlich model (R2 = 0.977). The process kinetics in 

both cases is described by the pseudo-second-order model [115]. 
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Batch adsorption experiments were carried out to study the influencing factors and 

adsorption mechanisms of ammonium ions onto sorghum straw biochar (SSB). The results 

showed that the adsorption capacity of biochar was much higher than sorghum straw's. The 

biochar pyrolyzed at 300°C had the highest adsorption capacity. The favorable pH was 6–10, 

and the optimal dosage was 2.5 g/dm3. The adsorption process and behavior conformed to the 

pseudo-second-order kinetic and Langmuir isotherm adsorption models. The maximum 

ammonium adsorption capacity of SSB at 45°C was 7.09 mg/g. The ammonium adsorption of 

biochar was mainly chemical adsorption. The regeneration test indicated SSB had good 

regeneration performance after three adsorption-regeneration cycles [116]. 

Also, chemically activated biochars prepared from grain from sorghum distillers using 

two base activators (NaOH and KOH) were investigated for their adsorption properties with 

respect to ammonium nitrogen from aqueous solution. The results showed that the alkali-

activated biochar exhibited significantly enhanced adsorption capacity by 2.93 and 4.74 times, 

respectively, compared with the pristine biochar. Although the NaOH-activated biochar 

possessed a larger specific surface area (132.8 and 117.7 m2/g for the NaOH- and KOH-

activated biochars, respectively), the KOH-activated biochar had higher adsorption capacity 

owing to its much higher content of functional groups. The biochar had a maximum adsorption 

capacity of 14.34 mg/g at 45°C. The adsorption process followed pseudo-second-order 

kinetics, and chemical adsorption was the rate-controlling step. The equilibrium data were 

consistent with the Freundlich isotherm, and the thermodynamic parameters suggested that the 

adsorption process was endothermic and spontaneous [117]. 

A biochar composite was prepared with sorghum straw and sewage sludge as raw 

materials by modification with Na2CO3 to remove sulfamethoxazole from water. The specific 

surface area and total pore volume were 519 m2/g and 0.210 cm3/g, respectively. At pH = 3-6, 

neutral sulfamethoxazole molecule adsorption was mainly through hydrophobic action. When 

pH > 7.0, the adsorption of anionic sulfamethoxazole species mainly depended on the negative 

charge-assisted hydrogen bond. The Langmuir model showed the best consistency with 

experimental data, and the maximum adsorption capacity of sulfamethoxazole on biochar at 

pH 6.0 and 20°C was calculated to be 139.8 mg/g [118]. 

Sorghum straw carbon (SSC) treated in NH3 atmosphere was employed for surface 

modification of Bi2WO6 photocatalyst prepared by a hydrothermal method. It is found that 

when the mass ratio of N-containing sorghum straw carbon/Bi2WO6 is 1.5%, the sample 

manifests excellent visible light activity. The photocatalytic decontamination rate constant of 

phenol on the 1.5% N-containing sorghum straw carbon/Bi2WO6 is 8-fold that on the single 

Bi2WO6. The photocatalytic reduction efficiency for Cr(VI) ions on the 1.5% sample is 37.8% 

after 120 min under visible light photocatalysis, and the photocatalytic reduction rate constant 

of Cr(VI) ions over the 1.5% sample is 1.8-fold of that on the neat Bi2WO6 [119]. 

5. Conclusions 

This review summarizes the literature data on the use of sorghum biomass components 

(stem, leaves, root) and processing waste (grain husk, bagasse) as sorption materials to remove 

various metals and metalloids (As(V), Cd2+, Cr(III), Cr(VI), Cu2+, Fe3+, Mn(II), Ni2+, Pb2+, Tl+, 

Zn2+), dyes, and other organic compounds from aqueous media. It also briefly describes the 

ways to use sorghum processing waste in various production industries. The parameters of 

certain pollutant adsorption by sorghum biomass and processing waste are given. It is shown 

that treatment with various chemicals improves sorghum biomass components and waste 
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sorption characteristics for various pollutants. It was found that adsorption isotherms are 

described by various models, most often by those of Langmuir and Freundlich. In most cases, 

the process kinetics follows the pseudo-second-order model. It is also shown that sorghum 

components and processing waste are good precursors for activated carbons and carbonizate 

production, which can also be used to remove various organic and inorganic pollutants from 

aquatic environments. 
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