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Abstract Sugarcane bagasse (stalk) and straw

(leaves), an agricultural waste, which had been

subjected to either an organosolv or organosolv-

oxidative pretreatment were used for the removal of

methylene blue dye or heavy metals (Fe(III) and

Cu(II)) from model aqueous solutions. The sorption of

methylene blue was investigated as a function of pH,

dye concentration, and contact time. The sorption of

metal ions was studied as a function of concentration.

Classical Langmuir and Freundlich adsorption models

were used to analyze the sorption process. It was

shown that adsorption isotherms fitted better into

Freundlich isotherm model, which assumes a multi-

layer adsorption on a heterogeneous surface. The

morphological, textural, and structural characteristics

such as bulk and true densities, particle size distribu-

tions, porosity, and thermal decomposition features of

the biosorbents were determined to understand better

the mechanism of sorption of various pollutants. The

results showed significant differences in the chemical

compositions and physical properties of the initial and

modified biomass samples, especially for the cellu-

losic biosorbents prepared with organosolv-oxidative

pretreatment. For the removal of dyes, the
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development of a pore structure as a result of the

pretreatment seemed to play an important role, while

the sorption of metals was strongly dependent on the

chemical composition of the biosorbent. The highest

adsorption capacity for methylene blue and for Fe(III)

and Cu(II) was obtained for a lignocellulosic sorbent

from sugarcane straw prepared by organosolv pre-

treatment. The results obtained confirm a great

potential use of agricultural waste from sugarcane

industry in wastewater treatment.

Keywords Sugarcane bagasse � Sugarcane straw �
Biosorbent � Heavy metal ions � Cationic dye

Introduction

In the last decade, environmental protection has

become a priority for scientists in many countries.

Rapid industrial development contributes to environ-

mental pollution with inorganic and organic toxic

compounds that have a strong negative impact on the

ecosystem (Tchounwou et al. 2012; Rajeswari and

Sailaja 2014; Fazzo et al. 2017). The aim of the

industrial treatment of wastewater is to reduce the

discharge of various pollutants into the environment.

Conventional techniques of water treatment to remove

heavy metal ions include physicochemical and elec-

trochemical methods such as reagent coagulation and

precipitation (Hargreaves et al. 2018; Michel et al.

2019), ion exchange (Zhu et al. 2017; Hu and Boyer

2018), electrolysis (Kim et al. 2013), and membrane

filtration (Khulbe and Matsuura 2018; Zheng et al.

2018). Common techniques that are used for the

removal of dyes from wastewater, include biodegra-

dation (Eslami et al. 2017), photocatalytic degradation

(Salama et al. 2018), sonochemical degradation

(Minero et al. 2008), membrane filtration (Salima

et al. 2012), electrocoagulation (Mahmoud et al. 2013)

and others. Despite the effectiveness of such methods,

there are some disadvantages such as high reagent

consumption, the generation of harmful sludge, com-

plexity, high operational costs and high energy

consumption.

Adsorption is considered to be one of the most

appropriate methods to remove toxicants from aque-

ous media (Yagub et al. 2014; Renu and Singh 2017;

Abtahi et al. 2018). The efficiency of adsorption

depends on the porosity of the sorbent and on the

presence of surface functional groups as effective

adsorption sites. The main problem with conventional

sorbents with a developed porous structure, such as

activated carbons, is the deterioration in their effec-

tiveness due to the presence of solid particles in water

that can enter the pores and reduce thus the adsorption

capacity. These sorbents are also quite expensive.

In recent years, interest has increased towards

biosorption based on the application of living (mi-

croorganisms) and non-living (plant materials) bio-

mass (Gupta et al. 2015; Li et al. 2014; Kartel and

Galysh 2017; Souza et al. 2018; Zhang et al. 2019).

Microorganisms such as fungi, bacteria, and yeast

cells have been proposed as biosorbents for water

treatment (Gola et al. 2016;Mihaiescu et al. 2016; Xue

et al. 2018). However, the treatment using living

biomass is not widely used due to the fact that the

cultivation of appropriate microorganisms is a costly

process. Plant materials, such as wood, grasses and

agricultural crops, are lignocellulosic complexes con-

sisting of cellulose, hemicelluloses, lignin and other

components in smaller quantities. The lignocellulosic

materials show appropriate sorption properties due to

their multicomponent composition and the presence of

various active functionalities. The recycling of waste

and by-products of the natural materials, especially

agricultural wastes, into the biosorbents is considered

to be a promising direction in chemical technology and

ecology. The main advantages of biosorption are the

availability of the raw materials, the simple operation,

high efficiency, cheapness of the processes, and easy

utilization of spent biosorbents by incineration

(Galysh et al. 2017). The biosorption potential of

various agro-industrial wastes, such as hazelnut hull

(Sheibani et al. 2012), orange (Surovka and Pertile

2017) and grapefruit peel (Saeed et al. 2010), buck-

wheat hull (Li et al. 2012), sunflower seed shells

(Suteu et al. 2010), walnut shells (Conrad et al. 2015),

shells of almond (Pehlivan et al. 2009), and cotton

waste (Ertaş et al. 2010) have been demonstrated by

various researchers.

Chemical modification with organic and inorganic

compounds can improve the sorption properties of

biosorbents (Kumar et al. 2012). The treatment of

plant raw materials with acetic acid and hydrogen

peroxide at various ratios can affect their chemical

composition greatly, resulting in lignocellulosic or

cellulosic sorbents with different affinities toward
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heavy metal ions and organic dyes (Halysh et al.

2018).

Sugarcane bagasse (stalk residue after juice extrac-

tion) is a low value by-product generated by the

sugarcane industry that has been considered as a

promising sorbent for wastewater treatment as it is or

after certain chemical modification (Wong et al. 2009;

Yu et al. 2013, 2015; Martin-Lara et al. 2010; Ho et al.

2005; Chandran et al. 2002). Sugarcane straw (leaves

and stalk tips) is also generated in similar quantities to

bagasse, corresponding to approximately 140 kg per

one ton of sugarcane (Oliveira et al. 2013). However,

despite a chemical composition similar to that of

bagasse consisting also of cellulose, lignin, hemicel-

luloses and a somewhat higher amount of ash (Car-

valho et al. 2015), significantly less attention has so far

been paid to the sustainable use of this lignocellulosic

material (Carvalho et al. 2016).

In this study, lignocellulosic and cellulosic biosor-

bents were prepared for the first time from both

sugarcane bagasse and straw, organosolv pretreatment

with glacial acetic acid or organosolv-oxidative pre-

treatment with a mixture of acetic acid and hydrogen

peroxide being used for this purpose based on the

optimal conditions assessed in our recent work

(Halysh et al. 2019). Thorough characterization of

the composition, physicochemical properties and pore

structure was performed on the biosorbents before and

after the pretreatments. The sorption of methylene

blue from a model solution was investigated where

parameters such as pH, contact time and concentration

of dye were varied. The sorption of metal ions Fe(III)

and Cu(II) was studied individually depending on their

concentration in the aqueous solutions. The mecha-

nism of adsorption of methylene blue was analyzed

using the Langmuir or Freundlich models, the aim

being to understand the relationships between the

sorption and the physicochemical characteristics of

biosorbents to find the most appropriate combinations

of raw material and t pretreatment for certain types of

pollutants.

Materials and methods

Materials

The sugarcane biomass, bagasse and straw (tips and

leaves), was used as a precursor for biosorbent

preparation. The initial chemical composition of the

bagasse, straw, and related biosorbents was deter-

mined in accordance with TAPPI standards (T

222 cm-02 for lignin, T 211 om-02 for ash content,

T 204 cm-97 for ethanol–benzene solubility). The

cellulose content was determined according to the

Kurschner–Hoffer method (Kurschner and Hoffer

1931). The holocellulose content was determined by

chlorite method (Wise et al. 1946). Hemicelluloses

content was calculated as the difference between the

contents of holocellulose and cellulose. The total

percentage of composition was calculated as the sum

of extractives, lignin ash, holocellulose, and cellulose.

Ground materials, 0.5 to 1 mm in particle size, were

used for the chemical treatments.

Analytical grade hydrogen peroxide (H2O2 30%)

and glacial acetic acid (CH3COOH 99.7%) (Sigma-

Aldrich, Germany) were used in the experiments. The

Millipore-Milli Q system was used to purify water (up

to q = 18 MX cm corresponding to ultrapure water).

Biosorbent preparation

Biosorbent preparation was carried out by subjecting

biomass to the organosolv or oxidative-organosolv

treatments following the methodology described in

detail elsewhere (Halysh et al. 2018). Samples of

sugarcane bagasse and straw were treated with glacial

acetic acid and a mixture of acetic acid and hydrogen

peroxide (70:30 vol/vol) at a solid to liquid ratio of 1:5,

90 �C for 2 h. The resulting materials after organosolv

and oxidative-organosolv treatments were washed

with deionized water, dehydrated, and dried at room

temperature to a moisture content of 5–7 wt.%.

Biosorbent composition and structural

characterization

The gravimetric method was used to determine the

yield of the resulting biosorbents. The chemical

composition of the sorbents was determined according

to the TAPPI standards (as described above).

Fourier transform infrared (FTIR) spectroscopy

with a Perkin-Elmer Spectrum 100 FTIR spectrometer

equipped with a single reflection (attenuated total

reflection, ATR) (Golden gate from Graseby Specac

LTD, Kent, England) was used to evaluate structural

changes in the sugarcane biomass after the treatments.

Samples were analyzed at room temperature in the
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4000–600 cm-1 range using 16 scans at a resolution of

4 cm-1 and intervals of 1 cm-1.

The thermal stability of the biomass was measured

using thermogravimetric analysis (TGA) with a Met-

tler Toledo TGA/DSC 1 instrument coupled with a

STARe System. The temperature was raised from 25 to

600 �C (at a heating rate of 10 �C/min) in a nitrogen

atmosphere. This temperature range is widely used for

the TGA study of plant materials (Moriana et al. 2015;

Oinonen et al. 2016).

A field-emission scanning electron microscope

(FE-SEM) S-4800 (Hitachi, Japan) was used to study

the surface morphology of the materials.

The textural characterization of the materials was

carried out using the adsorption of benzene vapor in

the desiccators (Keltsev 1991). To study the pore

structure of the materials, the nitrogen adsorption/

desorption isotherms (at 77.4 K) were recorded using

a NOVA 2200 (Quantachrome, USA) instrument. The

specific surface area was calculated according to the

Brunauer–Emmett–Teller (BET) method with the

assumption that the area occupied by a single nitrogen

molecule is 0.162 nm2. The pore volume and pore size

distributions were determined using the Density

Functional Theory (DFT) method (Volperts et al.

2019).

The bulk density of the materials was assessed

using a glass cup with an internal volume (Vb) of 100

cm3. The cup was filled with materials and weighed.

The mass of a sample (ms) was determined by

subtracting the mass of the empty cup. The bulk

density (qb, g/cm
3) of materials was calculated as:

qb ¼
ms

Vb
ð1Þ

and the true density (qt, g cm-3) was determined as:

qt ¼
ms

Vt
ð2Þ

The small-angle X-ray scattering (SAXS) measure-

ments were performed using a Panalytical Empyrean

instrument (40 kV and 40 mA) with CuKa radiation

(k = 0.15418 nm) and a SaxsWaxs configuration

stage (transmission mode). The measurements were

taken for the tested samples as well as for the empty

cell. The scattering from the empty cell was then

subtracted from the sample scattering curves (taking

into account the absorption coefficients). In order to be

able to compare the SAXS scattering curves, they were

converted into identical experimental conditions (tak-

ing into account differences in absorption coefficients)

(Brumberger 1965).

The differential pore size distribution (PSD) func-

tion f(r) based on the SAXS data was calculated using

Fredholm integral equation of the first kind for

scattering intensity I(q) (Pujari et al. 2007; Dieudonné

et al. 2000; Fairén-Jiménez et al. 2006; Sakurai 2017)

and was solved with a regularization procedure

CONTIN (Provencher 1982) as described in Supple-

mentary material (SM) file (Gun’ko 2014; Gun’ko

et al. 2011, 2018; Goliszek et al. 2018). The particle

size distribution functions (PaSD) were calculated

using the SAXS data with a complex model with

spherical, cylindrical and lamellar particles using a

self-consistent regularization procedure giving the

weight coefficient values for the contributions of the

particles of different shapes (see SM file).

Effect of pH solution on sorption efficiency

The effect of pH on the efficiency of the methylene

blue (MB) sorption onto initial and modified plant

materials was investigated using 0.2 g of a sorbent and

a dye solution with concentration of 100 mg/L.

Solutions of 0.1 N hydrochloric acid and 0.1 N

sodium hydroxide were used to adjust the solution

pH. A spectrophotometric method was used to deter-

mine the initial and equilibrium concentrations. The

transmission spectra were recorded using a Specord

M-40 (Carl Zeiss) spectrophotometer at k = 664 nm.

A calibration graph was used for the determination

initial and equilibrium concentrations of MB in

solution. The concentrations of standard solutions

were 10 mg/L, 20 mg/L, 30 mg/L, 40 mg/L, 50 mg/

L, 60 mg/L, 70 mg/L, 80 mg/L, 90 mg/L, and

100 mg/L.

The efficiency of sorption (%) was calculated as:

Ef ¼ C0 � Ceð Þ
Co

100 ð3Þ

where Co and Ce are the initial and equilibrium

concentrations ofMB in solution, respectively (mg/L).

Kinetics studies

50 mL ofMB solution was added to 0.2 g of a sorbent.

The concentration of dye was 100 mg/L. The adsorp-

tion kinetics was studied using probes of 5 mL taken at
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regular time intervals. After the measurement, the

probes were returned back to the main solution. The

kinetics study was performed for a period of 8 h.

The sorption capacity (mg/g) was calculated as:

q ¼ Co � Ceð ÞV
m

ð4Þ

where Co and Ce are the initial and equilibrium

concentrations, respectively, (mg/L); V is the volume

of the solution (mL); and m is the mass of sorbent (g).

The pseudo-first-order (Moussout et al. 2018),

pseudo-second-order (Azizian 2004), and interparticle

diffusion (Weber and Morris 1963) models were used

for the dye adsorption analysis. The linear forms of

these models are:

lnðqe � qtÞ ¼ lnqe �
k1t

2:303
ð5Þ

t

qt
¼ 1

k2q2e
þ t

qe
ð6Þ

qt ¼ k3t
1=2 þ C ð7Þ

where qe and qt (mg/g) are the amounts of dye

adsorbed at equilibrium and during time t (min),

respectively; k1 is the rate constant of pseudo-first-

order adsorption (min-1); k2 is the rate constant of

pseudo-second-order adsorption (mg/(g min)); k3 is

the rate constant of intraparticle diffusion adsorption

(mg/(g min1/2)); C is the boundary layer thickness

(mg/g). The plots of lnðqe � qtÞ versus t, t=qt versus
t and qt versus t

1/2 were used to calculate the values of

qe and k1, qe and k2, k3 and n of the pseudo-first-order,

the pseudo-first-order and intraparticle diffusion

model, respectively. The best-fit model was selected

according to the value of the coefficient of determi-

nation R2.

Adsorption isotherms

0.4 g of sorbent was used to study the sorption

capacity toward MB dye and 50 mL of model solution

of a natural pH was added. The model solutions with

different concentrations (30–900 mg/L) of MB were

used. Diluted solutions of the dye were used for the

determination of initial and equilibrium concentra-

tions with the application of calibration graph. Exper-

iments were carried out for 300 min.

The sorption of Fe(III) and Cu(II) species was

studied using model solutions. The concentrations of

Fe(III) and Cu(II) were 10–50 and 50–250 mg/L,

respectively. The amount of sorbent was 0.5 g and the

volume of the model solution was 50 mL; the time of

sorption was 300 min. Iodometric determination of

Cu(II) in solution (Brescia et al. 2012) and spec-

trophotometric method for Fe(II) determination (Li

et al. 2013) were used to estimate the initial and

equilibrium concentrations in solution.

The Langmuir and Freundlich isotherms were used

to study the mechanisms of dye and metal species

sorption:

Ce

qe
¼ 1

QmKL
þ Ce

Qm

ð8Þ

logqe ¼ logKF þ lgCe

n
ð9Þ

where Ce is the equilibrium concentration of adsorbate

in solution (mg/L); qe is the amount of adsorbate per

mass unit of sorbent (mg/g); Qm is the maximum

adsorption capacity (mg/g); kL is the Langmuir

constant (L/mg); kF is the Freundlich constant (L/g);

and n is an empirical constant. The plots ofCe/qe vs.Ce

and logqe vs. logCewere used to calculate the values of

Qm and kL, kF and n, respectively. The feasibility of the

adsorption was also evaluated by one of the essential

characteristics of the Langmuir model RL, which can

be calculated as:

RL ¼ 1=ð1þ KLC0Þ ð10Þ

where C0 is the highest initial dye concentration (mg/

L).

All the experiments were performed in triplicates

and the average values are used. Relative standard

deviations were below 5%.

Results and discussion

Chemical composition of initial materials

and biosorbents

Visual schemes of sugarcane biomass treatments with

glacial acetic acid or a mixture of acetic acid and

hydrogen peroxide and yields of biosorbents are

shown in Fig. S3 (see SM file). The oxidative-

organosolv treatment causes the removal of 47.9%
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and 53.7% of the material by weight from initial

bagasse and straw, respectively, and results in the

formation of biosorbents of white color, which indi-

cates a low lignin content in the product due to the

biomass delignification with peracetic acid formed on

interaction of acetic acid with hydrogen peroxide

(Deykun et al. 2018). The removal of extractives of a

different nature occurs also. The organosolv treatment

results in a dark brown biosorbent due to the high

residual lignin content. The loss of 11.2% and 21.4%

of material by weight during the treatment of bagasse

and straw, respectively, with acetic acid was due to the

removal of extractives and ash. A partial removal of

the polysaccharide components can also take place. A

similar effect was observed during the treatment of

apricot seed shells and walnut shells (Halysh et al.

2018).

The chemical composition of the materials depends

strongly on the pretreatment conditions (Fig. 1).

Lignocellulosic sorbents are characterized by similar

amounts of cellulose and lignin. Organosolv treatment

with acetic acid leads to a decrease in the ash content

and to slight increase in lignin content. The latter show

less cellulose than the initial materials, which may

indicate the depolymerization of high-molecular

weight components into low-molecular weight ones

since the amounts of hemicelluloses increased in both

cases. The chemical composition of the biosorbents

after the oxidative-organosolv treatment using a

mixture of acetic acid and hydrogen peroxide con-

firmed the formation of cellulosic sorbents since the

cellulose amount was higher than that in the initial

materials and in the lignocellulosic biosorbents. The

lignin content decreased significantly due to the

oxidation and removal of the lignin. The oxidative-

organosolv treatment resulted in a higher ash content

for cellulosic sorbents compared to the initial

materials.

Fig. 1 Chemical composition of initial and modified materials: a bagasse-based materials, b straw-based materials
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The FTIR spectra of the starting sugarcane biomass

and of lignocellulosic sorbents are characterized by

the presence of peaks for both aromatic and polysac-

charide components as shown in Fig. S4 (see SM file).

For example, lignin is characterized by a band at

1510–1513 cm-1 corresponding to the stretching

vibrations of aromatic rings (Sun et al. 2004), as well

as by a band within the aromatic out-of-plane region

vibrations (900–700 cm-1) (Drobniak and Mastalerz

2006). The peaks at 2924 and 2851 cm-1 can be

attributed to the C-H stretching vibrations of the –

CH2– and –CH3 groups of both lignin and esterified

polysaccharide (Belmokaddem et al. 2011). The bands

in the 1463–1430 cm-1 range can be assigned to the

asymmetric aliphatic C–H deformation vibrations of

the –CH2– and –CH3 groups (Drobniak and Mastalerz

2006). A peak at 1034 cm-1 can be assigned to the C–

O and C–C stretching or C–OH bending vibrations in

polysaccharides (Chaikumpollert et al. 2004). The

stretching vibrations of the O–H groups of alcoholic

and phenolic types (in the 3000–3700 cm-1region),

C–H stretching vibrations at 2924 cm-1 and water

bending vibrations at 1641 cm-1 (Kačuráková et al.

1998) were also identified in the spectra (Fig. S4).

The main structural difference between the starting

material and cellulosic sorbents was the absence of the

bands assigned to lignin (1510–1513 cm-1 and

900–700 cm-1) that confirms that the treatment leads

to delignification of the materials.

Thermal analysis

The thermal stability of vegetable materials depends

significantly on their chemical composition. Initial

sugarcane biomass and biosorbents were studied using

the TGAmethod (Fig. S5 in SM file). The TGA curves

show that the materials underwent two different zones

of thermal degradation. The first one (25–100 �C)
corresponds to desorption of water (1.9–2.6 wt.%).

The second one (200–450 �C) can be assigned to

decomposition of the biomass resulting in

61.4–80.7 wt.% loss (dry basis). The biomass decom-

position exhibited a behavior different from that of the

initial biomasses and lignocellulosic sorbents.

Although the changes are not obvious in the thermo-

gravimetric curves (Fig. S5a, b), they become clear in

the derivative curves (inserts in Fig. S5a, b). Two

processes were observed in the second zone of the

thermal degradation, especially for initial and

lignocellulosic samples, due to the simultaneous and/

or sequential decomposition of different chemical

components caused by the associative desorption of

water and the removal of CO and CO2 formed from the

material functionalities (since the TGA study was

carried out in a nitrogen atmosphere with no oxygen).

The weight loss for sugarcane bagasse and straw on

the first stage of the decomposition was 22.6% and

20.1%, respectively. For lignocellulosic sorbents, the

values were higher, 28.2% and 25.9%, respectively.

Cellulosic sorbents from straw showed a weight loss of

only 10.8%, and for bagasse, only one decomposition

process was found. The cellulosic sorbent from

bagasse showed a significantly higher thermal stability

than that of the other samples, but without any change

in the temperature of the decomposition peak

(Table S2). Initial sugarcane straw had the highest

content of residues at 600 �C, irrespective of the

sample type, probably because of a high inorganic

content in this biomass (Carvalho et al. 2015).

Surface morphology characterization

SEM images (Fig. 2) show that the initial and treated

materials have a complex particulate and surface

morphologies. The surface of the raw bagasse and

lignocellulosic material from bagasse contains micro/-

macro-scaled pores. Treatment with acetic acid leads

to a decrease in loose particles and the surface of

lignocellulosic biosorbents becomes less heteroge-

neous (Fig. 2b, e) than that of the initial materials

(Fig. 2a, d). After the treatment with hydrogen

peroxide and acetic acid, the surface morphology of

the cellulosic materials changed significantly (Fig. 2c,

f) due to delignification.

Textural characterization

The nitrogen adsorption and benzene vapor sorption

methods were used to investigate the texture of the

materials. The nitrogen adsorption/desorption iso-

therms for the initial and treated materials (see

Fig. S6 in SM file) had a shape corresponding to type

IV of the IUPAC classification. The specific surface

area, SBET and total pore volume, Vp (Table 1) of the

sugarcane biomass and biosorbents were small that

indicates a strong compaction of biomacromolecules

in these materials. After treatment, the SBET value of

the sugarcane bagasse-based materials decreased
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slightly and that of the sugarcane straw increased. The

changes in the total pore volume were however rather

the opposite. The treatment of straw leads to the

formation of more porous materials than that for the

bagasse biosorbents.

According to the benzene vapor sorption results

(Table 1), the pore volumes (Vp,b) of the starting

sugarcane bagasse and straw were 0.08 and 0.05 cm3/

g, respectively. After the oxidative-organosolv and

oxidative treatments of the biomass, the Vp,b value

increased by factors of 1.4 and 2.8 for lignocellulosic

and by factors of 1.7 and 2.2 for cellulosic sorbents

from bagasse and straw, respectively. The Vp,b values

were much greater than the Vp,n values (nitrogen

adsorption), due to the ability of lignocellulosic

materials to swell in an organic (here benzene) solvent

(Galysh et al. 2017).

The bulk and true densities of the initial and treated

sugarcane bagasse and straw (Table 1) show signifi-

cant differences. These values depend on the particle

size distributions and their compaction. The bulk and

true densities of the initial sugarcane straw were

higher than that of the initial bagasse. However, for

both samples, an increase in the values was observed

after the acetic acid treatment, and a decrease is after

the oxidative-organosolv treatment.

In contrast to the adsorption methods, the SAXS

method gives the total textural characteristics related

to both open and closed pores (in the range of

0.2–250 nm in pore radius). The textural characteristic

values determined using the SAXS method could

Fig. 2 SEM images for a initial bagasse and d straw and treated materials: lignocellulosic biosorbents from b bagasse and e straw and

cellulosic biosorbents from c bagasse and f straw

Table 1 The surface

characteristics and densities

of the initial and treated

sugarcane biomass

IN initial material; LC
lignocellulosic; C cellulosic

Parameters Bagasse-based materials Straw-based materials

IN LC C IN LC C

SBET (m2/g) 1.4 1.2 1.3 1.9 2.7 5.4

Total pore volume Vp,n (mm3/g) 3.0 3.18 3.50 5.84 8.77 3.51

Micropore volume (mm3/g) 0.43 0.42 0.38 0.64 0.97 0.37

Adsorption pore volume Vp,b (mm3/g) 80 110 150 50 180 130

Bulk density (g/cm3) 0.049 0.116 0.048 0.087 0.124 0038

True density (g/cm3) 0.096 0.383 0.069 0.138 0.487 0.119
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therefore be much greater than those determined using

the adsorption data, and this difference increases for

strongly compacted materials (with restricted possi-

bility of penetration of adsorbed molecules into the

inner spaces of the compacted structures). The SAXS

occurs at the surface of each biomacromolecule in any

cavity between neighboring macromolecules or

functionalities.

Both the pore size distributions (Fig. 3a, b) and

particle size distributions (Fig. 3c, d) demonstrate that

most of the pores are smaller than 10 nm in radius.

This corresponds to the structures with cellulosic and

lignocellulosic macromolecules.

These structures are characterized by the SSAXS
values between 561 and 617 m2/g, which are much

greater than the SBET values because macromolecules

are strongly compacted in microparticles (Fig. 2). The

SAXS method senses the voids between the macro-

molecules in the microparticles. The similarity in the

microstructures of the studied materials leads to a

similarity in the chord (h) size distributions, CSD

(corresponding to thickness of uniform fragments in

the micro/macrostructures) at h\ 2 nm (Fig. S2).

However, the CSD were different at h[ 2 nm and

depend on the type of the treatment of the sorbents. On

the whole, the initial and treated bagasse-based

sorbents showed greater differences in the PSD

(Fig. 3a) and CSD (Fig. S2) than the straw-based

materials (Figs. 3b and S2). This difference is in

agreement with the relatively stronger changes in the

densities of the materials of the first series (Table 1).

Sorption of methylene blue

The sorption of methylene blue (MB) on the initial and

modified materials was investigated as a function of

pH, dye concentration and contact time (Fig. 4). The

sorption efficiency of sugarcane residues as well as of

lignocellulosic and cellulosic sorbents in removing

MB as a function of pH value is shown in Fig. 4.

The pH value of the solution is one of the most

important parameters that affects the adsorption

process. The composition of the surface phase of

biosorbents is not constant in the aqueous solution.

Fig. 3 a, b Incremental pore size distributions and c,
d incremental particle size distributions calculated using the

SAXS data for sugarcane bagasse (a, c, curves 1) and sugarcane
straw (b, d, cuves 1), lignocellulosic biosorbents based on

bagasse (a, c, curves 2) and straw (b, d, curves 2), and cellulosic
biosorbents based on bagasse (a, c, curves 3) and straw (b, d,
curves 3)
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Depending on pH, the surface of lignocellulose can

exist in negative, neutral, or positive charge states due

to the presence of different oxygen-containing func-

tionalities such as aliphatic and phenolic hydroxyls,

carbonyl and carboxyl groups. The MB dye is as

positively charged cations upon dissolving in water

(Boumediene et al. 2018). A decrease in the efficiency

of the sorption of MB by lignocellulosic biosorbents at

low pH is probably related to the presence of the

excess of H? ions (giving positively charged state of a

surface) which are competing with the MB cations and

repulsive forces take place (Fathy et al. 2013).

Increase in pH leads to a deprotonation of carboxylic

groups and, as a result, to change in the surface charge

to negative one. The electrostatic repulsion forces

between the positively charged MB and the biosorbent

surface decreases, and new sorption sites are available

for binding of MB. At the same time, not only

electrostatic interactions but also van der Waals

forces, hydrogen bonding and chemical bonding

mechanisms can take place to capture MB (Liu et al.

2015). The maximum sorption is achieved at pH 7.

The same results were obtained on brewers’ spent

grain (Kezerle et al. 2018) and modified jute (Manna

et al. 2017).

The effect ofMB concentration on the sorption onto

initial and modified sugarcane bagasse and straw

(Fig. 4) indicates that the chemical modification of

sugarcane residues can improve the sorption proper-

ties of the resulted materials. For bagasse, the sorption

capacity increased by a factor of 1.5 for the lignocel-

lulosic sorbent and by a factor of 2.1 for the cellulosic

sorbent. It is obvious that for bagasse-based biosor-

bents, the uptake of dye increases with increasing

initial dye concentration from 50 to 400 mg/L. In the

case of straw, the sorption capacity for the dye

increases by a factor of 2.5 for the lignocellulosic

sorbent and by a factor of 2.1 for the cellulosic sorbent.

The uptake of dye increases with increasing dye

concentration from 50 to 500 mg/L for the initial

material, to 200 mg/L for cellulose-based and to

90 mg/L for lignocellulose-based sorbents. In general,

the results show that the ability of the materials to sorb

MB correlated with the adsorption pore volume. The

dependence on adsorption pore volume of the sorption

capacity of the sorbents to remove methylene blue

from a model solution was: lignocellulose from straw

(68.8 mg/g; 0.18 cm3/g)[ cellulose from bagasse

(60 mg/g; 0.15 cm3/g)[ cellulose from straw

(57.5 mg/g; 0.13 cm3/g)[ lignocellulose from

bagasse (41 mg/g; 0.11 cm3/g)[ straw (30 mg/g;

0.08 cm3/g)[ bagasse (28 mg/g; 0.05 cm3/g).

The results indicate that biosorbents are not inferior

in sorption ability toward MB but even exceed that of

other agro-industrial residues (sunflower seed shells

(35.4 mg/g) (Suteu et al. 2010), oiltea shell (64.4 mg/

g) (Liu et al. 2016), and corncob (18.3 mg/g) (Conrad

et al. 2015)).

Fig. 4 Influence of a pH of solution, b initial concentration and

c contact time on MB sorption onto: 1, 4 – initial bagasse and

straw; 2, 5 – lignocellulosic biosorbents from bagasse and straw;

3, 6 – cellulosic biosorbents from bagasse and straw
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The classical adsorption Langmuir and Freundlich

models were chosen to analyze the equilibrium

between adsorbed and residue MB in the solution.

The linear forms of the isotherms are widely used

(Budnyak et al. 2018). The linear form of the

Langmuir isotherm describes the monolayer adsorp-

tion onto a homogeneous surface at a constant

temperature with no interactions between adsorbed

molecules. The Freundlich isotherm describes a

multilayer adsorption on a heterogeneous surface.

The linear forms of the isotherms of the dye adsorption

onto initial and modified sugarcane biomass are

presented in Fig. S7 (SM file). The parameters for

the Langmuir and Freundlich isotherms and the

coefficients of determination R2 are summarized in

Table 2.

The values of R2 suggest that the Langmuir model

well fitted the adsorption processes with uniform

adsorption and strong integrations between dye and

adsorbent surface. The Qm values were 33.6 mg/g and

33.2 mg/g for initial bagasse and straw, respectively,

36.5 mg/g and 102.0 mg/g for lignocellulosic sorbents

from bagasse and straw, respectively, 114.9 mg/g and

93.4 mg/g for cellulosic sorbents from bagasse and

straw, respectively. The values of KL indicate a low

affinity of MB for adsorption onto sugarcane residues.

The RL parameter can be used as a more reliable

indicator of adsorption: if 0\RL\ 1 indicates

favorable adsorption; RL[ 1 unfavorable adsorption;

RL = 1 linear adsorption; RL = 0 indicates irreversible

adsorption. For all the samples, the values of RL

(Table 2) were positive and small that indicates a

highly favorable adsorption.

The adsorption results obtained are better described

by the Freundlich isothermmodel as high values of the

coefficient of determination R2 (0.9745–0.9944) were

obtained for all the sorbents. For a favorable

adsorption process, the condition 0.1\ 1/n\ 1 must

be met. For all samples, the value of 1/n was less than 1

and higher than 0.1 indicating a favorable adsorption

of MB on sugarcane biomass. The KF values (Table 2)

indicate that lignocellulosic sorbent has the greatest

ability to remove MB from the aqueous system.

To clarify the sorption mechanism, it is also

important to study the process kinetics. Batch adsorp-

tion investigations were carried out with different

contact times. Figure 4c shows the removal of MB

from water by sugarcane biomass and other sorbents

as a function of time. There is a rapid decrease in dye

concentration during the first 20 min and thereafter the

concentration gradually decreases more slowly during

300 min, presumably because the filling of pores of

the sorbent leads to a retardation in the diffusion of the

dye molecules deep into the pores. An equilibration

time of 300 min is sufficient, since the maximum

adsorption is reached during this period.

The applicability of the pseudo-first-order and

pseudo-second-order models as well the intraparticle

diffusion one was tested for methylene blue sorption

onto the studied materials (Fig. S8). The parameters

obtained from three kinetic models are given in

Table 3.

The values of determination coefficient R2 in the

range of 0.9343–0.9818 confirm that the pseudo-first-

order model does not provide a good fit for the

adsorption of MB onto either the initial or modified

sugarcane biomass, and the relationship between the

dye concentration and the adsorption rate is nonlinear.

The calculated equilibrium values did not match the

experimental values. The plots (Fig. S8b) show that

the relationship is linear. The calculated sorption

capacities are close to the experimental values

(Table 3). The coefficient determination R2 is in range

of 0.9902–0.9963 indicating that the pseudo-second-

Table 2 Parameters of

isotherms of MB sorption

onto initial and modified

sugarcane residues

Note: IN – initial material;

LC – lignocellulosic

biosorbent; C – cellulosic

biosorbent

Type of isotherm Parameters Bagasese-based materials Straw-based materials

IN LC C IN LC C

Langmuir KL (mg/L) 0.01 0.02 0.03 0.01 0.01 0.06

Qm (mg/g) 33.6 36.5 114.9 33.2 102.0 93.4

R2 0.9692 0.9731 0.9706 0.9736 0.9445 0.965

RL 0.1875 0.1081 0.083 0.1798 0.1928 0.2896

Freundlich KF (L/g) 2.41 4.94 2.57 2.61 8.30 2.69

1/n 0.41 0.38 0.37 0.39 0.64 0.64

R2 0.993 0.988 0.9899 0.9944 0.9745 0.98
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order model is suitable for describing the kinetics of

the adsorption of MB onto the studied materials.

According to the plot (Fig. S8c), the dependence of

sorption capacities qt on time t0.5 is non-linear

indicating that the chemical reaction controls the rate

of adsorption of dye and its diffusion to a less degree.

The coefficient R2 (0.9226–0.9889) shows the devia-

tion from linearity. The value of C is greater than zero

indicating effect to some extend of boundary layer

diffusion on the MB adsorption.

Metal cation sorption isotherms

Solutions with different concentrations of Fe(III) and

Cu(II) species were used to investigate the effect of

metal cation concentration on the sorption onto

sugarcane biosorbents. The results (Fig. 5) show that

both initial bagasse and straw have a lower sorption

capacity toward metal ion species than the treated

sorbents, due to the lack of accessible active adsorp-

tion sites. Treatment of the initial sugarcane residues

with hydrogen peroxide in acetic acid at 90 �C leads to

delignification, resulting in an increase in sorptivity

due to the presence of oxygen-containing groups

similar to those on a cellulosic surface. The highest

sorption is observed for the lignocellulosic biosorbents

due to the presence on their surface not only of

functional groups of cellulose and hemicelluloses but

also carboxylic- and phenolic-type groups of lignin

(Guo et al. 2008; Shen et al. 2010).

The linear forms of the Langmuir and Freundlich

isotherms for metal cation adsorption onto sugarcane

residues and the prepared sorbents are shown in

Table 3 Parameters of kinetics of MB sorption onto initial and modified sugarcane residues

Type of kinetics Parameters Bagasese-based materials Straw-based materials

IN LC C IN LC C

Pseudo-first-order k1 (min-1) 0.0106 0.071 0.012 0.0011 0.009 0.009

qe (mg/g) 5.8 6.6 14.89 11.6 13.0 10.75

R2 0.9299 0.9818 0.9818 0.9343 0.9758 0.9504

Pseudo-second-order k2 (mg/(g min) 0.0021 0.0015 0.0010 0.0026 0.0011 0.0013

qe (mg/g) 7.0 12.4 18.2 8.9 15.6 23.9

R2 0.9902 0.9909 0.9963 0.9943 0.9961 0.9948

Intraparticle diffusion k2 (mg/(g min1/2) 0.27 0.40 0.68 0.25 0.66 1.2721

C 1.86 3.44 5.66 3.31 9.87 1.6904

R2 0.9599 0.9889 0.9226 0.9608 0.9613 0.977

IN initial material; LC lignocellulosic biosorbent; C cellulosic biosorbent

Fig. 5 Influence of initial Fe(III) (a) and Cu(II) (b) concentra-
tion on sorption capacity of the studied materials: 1, 4 – initial

bagasse and straw; 2, 5 – lignocellulosic biosorbents from

bagasse and straw; 3, 6 – cellulosic
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Fig. S9 (SM file) and the relevant constants are given

in Table 4.

The adsorption capacities calculated using the

Langmuir model were 11.2, 21.7, and 21.7 mg/g for

the initial bagasse and related lignocellulosic and

cellulosic sorbents, respectively, and 15.6, 22.2, and

19.7 mg/g for the initial straw and related lignocellu-

losic and cellulosic sorbents, respectively. These

values are close to the experimental adsorbed amounts

during Fe(III) sorption, but the adsorption capacities

for Cu(II) determined using the Langmuir model were

25.64, 93.46, and 81.30 mg/g for initial bagasse and

related lignocellulosic and cellulosic sorbents, respec-

tively, and 55.23, 85.47, and 89.28 mg/g for initial

straw and related lignocellulosic and cellulosic sor-

bents, respectively. These values differ from the

experimental values. As can be seen, the linear

Langmuir isotherms, which were plotted as Ce/qe vs.

Ce values, with the determination coefficients (R2)

between 0.837–0.9919 and 0.6684–0.9056 for Fe(III)

and Cu(II) sorption, respectively, are not adequate to

describe the relationship between the adsorbed metal

ions and their equilibrium concentration in the solu-

tion sorption occurred on a heterogeneous surface of

lignocellulosic materials.

However, for the Freundlich isotherms, the values

of R2 were found to be 0.9904–0.9975 for the Fe(III)

sorption and 0.9822–0.9989 for Cu(II) showing that

the Freundlich isotherm model fitted well with the

experimental data, as it shows higher R2 values than

the Langmuir model. Small values of 1/n imply

stronger interaction between the adsorbent and heavy

metal ions, while 1/n values between 0 and 1 indicate

the identical adsorption process and adsorption

energies for all sites. Smaller values of 1/n were

obtained for the sorption of metals ions onto the

lignocellulosic sorbents.

The sorption capacities toward Fe(III) and Cu(II)

are competitive with other lignocellulosic residues, for

example, the sorption capacity of orange peel and

hazelnut hull towards Fe(III) is 13.3 mg/g and

13.6 mg/g, respectively (Sheibani et al. 2012; Surovka

and Pertile 2017), and the sorption capacity of orange

peel, grape seed, peanut shell towards Cu(II) is

4.6 mg/g, 3.4 mg/g and 25.4 mg/g, respectively

(Surovka and Pertile 2017; Bsoul et al. 2014; Mathew

et al. 2016).

Conclusion

Two types of biosorbents (lignocellulosic and cellu-

losic) were prepared based on chemical pre-treatment

(organosolv or organosolv-oxidative) of the major

sugarcane by-products, bagasse and straw. Compar-

ison of the starting and chemically treated sorbents

demonstrated that the sorption properties of the

materials toward methylene blue depended on the

Table 4 Parameters of

isotherms of Fe(III) and

Cu(II) sorption onto initial

and modified materials

IN initial material; LC
lignocellulosic biosorbent;

C cellulosic biosorbent

Type of kinetics Parameters Bagasese-based materials Straw-based materials

IN LC C IN LC C

Fe(III) sorption

Langmuir KL (mg/L) 0.025 0.23 0.025 0.03 0.49 0.17

Qm (mg/g) 11.2 21.7 21.7 15.6 22.2 19.7

R2 0.9211 0.9893 0.837 0.9801 0.988 0.9919

Freundlich KF (L/g) 1.55 2.71 1.29 1.58 4.47 3.07

1/n 0.52 0.18 0.96 0.89 0.098 0.18

R2 0.992 0.9975 0.9905 0.9904 0.9945 0.9935

Cu(II) sorption

Langmuir KL (mg/L) 0.002 0.002 0.001 0.002 0.004 0.002

Qm (mg/g) 25.64 93.46 81.30 55.23 85.47 89.28

R2 0.8755 0.6848 0.6953 0.6684 0.8911 0.9056

Freundlich KF (L/g) 1.33 1.18 1.22 1.13 1.18 1.32

1/n 0.16 0.12 0.13 0.72 0.144 0.41

R2 0.9932 0.9853 0.9853 0.9822 0.9989 0.9911
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adsorption pore volume that could be related to the

accessibility of active adsorption sites. The highest

sorption capacity towards methylene blue was

achieved for the lignocellulosic sorbent from straw,

which had the highest value of adsorption pore

volume. The lignocellulosic sorbent from bagasse,

which had the lowest value of adsorption pore volume

had the lowest sorption capacity towards methylene

blue dye. The dependence of the sorption capacity for

methylene blue and the adsorption pore volume of

various sorbents was in the following order: lignocel-

lulosic sorbent from straw (68.8 mg/g; 0.18 cm3/

g)[ cellulosic sorbent from bagasse (60 mg/g; 0.15

cm3/g)[ cellulosic sorbent from straw (57.5 mg/g;

0.13 cm3/g)[ lignocellulosic sorbent from bagasse

(41 mg/g; 0.11 cm3/g)[ initial straw (30 mg/g; 0.08

cm3/g)[ initial bagasse (28 mg/g; 0.05 cm3/g). How-

ever, the sorption properties toward metal species

depended more strongly on the chemical composition

of the sorbents. Lignocellulosic sorbents from bagasse

and straw had the highest sorption capacity for Fe(III)

and Cu(II) (19 and 21 mg/g, 29 and 37 mg/g, respec-

tively) due to the presence on their surface not only of

functional groups of cellulose and hemicelluloses but

also carboxylic- and phenolic-type groups of lignin.

The adsorption isotherms fit better with the Freundlich

isotherm and pseudo-second-order models, suggesting

a multilayer adsorption on a heterogeneous surface.

The optimal pH values for the methylene blue sorption

was found to be at 6 and higher. In general, the greatest

sorption capacity for Fe(III) and Cu(II) (21 and 37 mg/

g, respectively) and methylene blue (68.8 mg/g) were

obtained for the lignocellulosic sorbent from sugar-

cane straw.
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