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Abstract  Industrial dyes are harmful compounds 
often present in wastewater. In this work, a magnetic 
nanohybrid material (HB) was hydrothermally syn-
thesized from pyrolyzed sugarcane straw (CN) and 
magnetic iron oxide nanoparticles. The material was 
characterized by XRD, FTIR, SEM, TGA, and PZC, 
and tested for the adsorptive removal of congo red 
(CR) and indigo carmine (IC) dyes from aqueous 
solutions at pH 7.0 and 10.0, respectively. The kinet-
ics of adsorption was well explained by both the 
pseudo-second order (PSO) model ( R2

adj
∼ 0.99 for 

CR, 0.96 for IC) and the Elovich model ( R2

adj
 ~ 0.98 

for CR, 0.98 for IC). After 24  h, the maximum 
adsorption capacities of the material 
were ~ 18.39 mg g−1 for CR and ~ 1.46 mg g−1 for IC. 

Adsorption isotherms were obtained at 25, 35, and 
45  °C, and four different models were tested. The 
Sips model, which combines Langmuir and Freun-
dlich, was used to fit the data. HB exhibited greater 
performance removing CR dye (%R ~ 72%) than IC 
(%R ~ 27%), therefore suggesting great potential as an 
adsorbent for CR from wastewater.

Keywords  Adsorption · Biomass · Sugarcane · 
Magnetic nanoparticles · Nanohybrid · Dyes

Introduction

Industrial wastewaters often include hazardous 
residues, which can reach the environment due to 
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improper disposal (Damasceno et  al. 2020; Shrestha 
2021). These pollutants may contain organic dyes, 
alkaline reagents, soaps, detergents, oils, suspended 
solids, and others, which create a damaging effect on 
the aquatic plants’ photosynthesis even at low con-
centrations (Poolwong et al. 2021; Yağmur and Kaya 
2021).

Textile wastewaters are usually treated before 
being discharged (Srinivasan and Viraraghavan 
2010). However, these wastewaters may still contain 
dyes in various concentrations because of their sta-
bility (Godoy-Jr et  al. 2020; Poolwong et  al. 2021; 
Shrestha 2021). These dyes can be toxic and carci-
nogenic, causing problems for the environment and 
the surrounding community (Damasceno et al. 2020; 
Yağmur and Kaya 2021).

Various physical, chemical, and biological proce-
dures have been proposed and addressed for waste-
water treatment (Srinivasan and Viraraghavan 2010; 
Poolwong et al. 2021; Shrestha 2021). Among them, 
the adsorption method is highly considered as a via-
ble process because it is facile, cheap, and efficient, 
and generates relatively small amounts of by-products 
(Srinivasan and Viraraghavan 2010; De Gisi et  al. 
2016; Hasanpour and Hatami 2020; Damasceno et al. 
2020; Hasanpour et al. 2021b, a).

Dye adsorption is well-established in many adsor-
bents like graphene, activated carbon, and iron oxide 
nanoparticles (Srinivasan and Viraraghavan 2010; De 
Gisi et al. 2016; Damasceno et al. 2020). Concerning 
the development of new adsorbents, some materials 
from biomass residues such as sugarcane straw or 

bagasse, rice straw, egg and coconut shells, and cattle 
manure have been widely studied (De Gisi et al. 2016; 
Bedia et al. 2018). These materials, after proper treat-
ment, present active areas and surface charges com-
patible with the adsorbates, favoring their removal 
(Libra et  al. 2011). However, the recovery of these 
adsorbents is necessary to avoid secondary contami-
nation. Magnetic iron oxide nanoparticles (NPs) are a 
useful class of material to incorporate this functional-
ity into organic adsorbents (Damasceno et  al. 2020; 
Nordin et al. 2021).

Herein, we report the feasibility of using a nanohy-
brid material (HB) synthesized from sugarcane straw 
(CN) and iron oxide NPs for removing contaminants 
from water. We carried out kinetic and thermody-
namic studies on the adsorption of two commonly 
used dyes (congo red, CR, and indigo carmine, IC) 
to evaluate the behavior of HB and to demonstrate its 
potential in such applications.

Experimental

Chemicals

The chemicals used in this work are listed in Table 1. 
They were reagent-grade, commercially available, 
and were used as received. Distilled water or buffer 
solution were used in preparing all solutions.

Table 1   Information on reagents used in this work

Reagent name Molecular formula Provider CAS number

Iron(II) sulfate heptahydrate (99%) FeSO4·7H2O Vetec 7782-63-0
Sulfuric acid (95–98%) H2SO4 Vetec 7664-93-9
Sodium hydroxide (98%) NaOH Riedel-de Haën 1310-73-2
Hydrochloric acid (34–37%) HCl Cinética Química 7647-01-0
Congo red dye (35%) C32H22N6Na2O6S2 Sigma-Aldrich 573-58-0
Indigo carmine dye (85%) C16H8N2Na2O8S2 Sigma-Aldrich 860-22-0
d-(+)-Glucose (≥ 99.5% (GC)) C6H12O6 Sigma-Aldrich 492-62-6
d-(+)-Xylose (≥ 99%) C5H10O5 Sigma-Aldrich 58-86-6
5-(Hydroxymethyl)furfural (analytical standard) C6H6O3 Sigma-Aldrich 67-47-0
Buffer sol. of disodium phosphate/potassium phosphate 

monobasic (pH 7.0)
– Neon –

Buffer sol. of boric acid/potassium chloride (pH 10.0) – Neon –
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Synthesis of magnetic iron oxide nanoparticles

Magnetic iron oxide nanoparticles were prepared 
by the coprecipitation method. First, 90  mL of 
0.01  mol  L−1 aqueous solution of ferrous sulfate 
and 5 drops of 0.1  mol  L−1 aqueous sulfuric acid 
were mixed in a beaker. The mixture was sonicated 
at 60  °C, with slow, continuous dripping of 60  mL 
of 1.0  mol  L−1 aqueous NaOH for 1  h. The solu-
tion was heated in a water bath at 100 °C for 20 min. 
The precipitated NPs were washed three times with 
0.01 mol  L−1 aqueous HCl, centrifuged at 2500 rpm 
for 10 min, and dried in an oven at 80  °C for 24 h. 
The synthesis was performed in triplicate.

Treatment of sugarcane straw

Sugarcane straw was collected in Cabo de Santo Ago-
stinho-PE, washed with 500  mL of distilled water, 
dried at room temperature (RT), and cut into small 
pieces. Then, 0.5 g of CN was mixed with 300 mL of 
distilled water and heated at 80 °C for 20 min. After 
treatment, the mixture was transferred to a blender 
and crushed for 10 s. The straw was filtered, dried in 
an oven at 80 °C for 5 h, and stored in falcon tubes. 
These experiments were done in duplicate.

Synthesis of magnetic nanohybrid material

The magnetic nanohybrid material was obtained by 
the hydrothermal method. A mixture of 0.04 g of CN 
and 0.01 g of NPs was placed in a 22 mL hydrother-
mal reactor with 10 mL of distilled water, sealed and 
kept at 150 °C for 48 h. The resulting material was fil-
tered, dried, and packaged in Eppendorf tubes. These 
experiments were done in duplicate.

Congo red and indigo carmine dyes

The congo red and indigo carmine dyes were used 
as model contaminants to assess the HB adsorp-
tion activity. The CR and IC molar masses are 
696.67  g  mol−1 and 466.36  g  mol−1, respectively. 
Their chemical structures are shown in Fig. 1.

Characterization

A Panalytical Empyrean X-ray diffractometer (Cu 
Kα line, 0.1542 nm, Bragg–Brentano configuration, 
2θ from 10 to 80°, step size 0.02°, scanning speed 
2° min−1) was used for the diffraction experiments 
at RT. The crystalline phases were indexed using 
the crystallographic files from the ICSD database. 
The average crystallite size (Dc) of the NPs was 
calculated using the Scherrer formula (Cullity and 
Stock 2014). All samples were thoroughly ground 
prior to the measurements.

The FTIR spectra were obtained with a Bruker 
IFS-66 spectrometer. The results were analyzed via 
Bruker’s Spectroscopic Software OPUS. Samples 
were prepared using KBr pellet.

Sample morphology and approximate elemental 
composition were evaluated with a Tescan Vega3 
scanning electron microscope (SEM) equipped with 
an energy dispersive spectrometer (EDS).

Thermogravimetric analyses were carried out 
with a Netzsch STA 449 F3 Jupiter equipment, 
under nitrogen atmosphere, from 25  °C up to 
900 °C, with a heating rate of 5 °C min−1.

The point of zero charge of HB was determined 
by placing 10 mg of HB in 10 mL of 0.1 mol  L−1 
NaCl aqueous solutions and stirring for 60  min 
at 700  rpm. The pH was ranged from 2.0 to 11.0 

Fig. 1   Chemical structure of a congo red dye (CR) and b 
indigo carmine dye (IC)
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(ΔpH ~ 1.0). These solutions were adjusted with 
HCl or NaOH (0.1  mol  L−1) (Damasceno et  al. 
2020). Then, the solutions were separated from the 
HB material, via an external magnetic field, and 
the final pH of the supernatant liquid was meas-
ured using a pHmeter (MedBio model PHS-3C). 
The PZC was determined from a plot of final pH 
versus initial pH. These experiments were done in 
duplicate.

Nanohybrid material (HB) characterization

For pretreatment, the material was stirred in distilled 
water for 30 min at 50 °C, vacuum filtered and dried 
in an oven at 50 °C. For the hydrolysis step, 0.4 g of 
the sample to be analyzed was mixed with 10 mL of 
72% sulfuric acid and stirred vigorously for 7 min at 
45  °C. Then, 275  mL of distilled water was added, 
the solution was transferred to an Erlenmeyer flask, 
and heated for 30 min in an autoclave at 121 °C. After 
cooling, the system was filtered, and the two phases 
(filtrate and precipitate) were stored separately.

The precipitate was washed with 1.5 L of distilled 
water, dried in an oven at 60 °C, and weighed. This 
dry precipitate is the insoluble lignin fraction. The 
solid is then transferred to a crucible and heated to 
600  °C for two hours in a furnace. The ash residue 
was weighed and its percentage in relation to the ini-
tial mass was calculated.

The filtrate was analyzed (high performance liq-
uid chromatography, HPLC) to obtain the amounts 
of glucose and xylose. A Varian HPLC equipment 
with a refractive index detector was used. The mobile 
phase was ultrapure water, acidified in 4 mM of sul-
furic acid, with a flow rate of 0.8  mL  min−1. The 
column used was an AMINEX-HPX87-H, heated to 
50  °C. Calibration curves were obtained for glucose 
and xylose, and their concentrations were determined, 
calculating the percentage of cellulose and hemicel-
lulose using Eqs. (1) and (2) below:

The filtrate was also analyzed by UV–Vis spectros-
copy to check for soluble lignins. These experiments 
were done in duplicate.

(1)Mass of cellulose = 0.9 ×mass of glucose

(2)Mass of hemicellulose = 0.88 ×mass of xylose

Adsorption experiments of CR and IC dyes onto HB

Dye stability as a function of varying pH was stud-
ied by dissolving the dye in aqueous solutions and 
adjusting the pH with NaOH or HCl solutions. After 
determining the working pH, the adsorption experi-
ments were performed. From this point on, the CR 
and IC solutions were prepared with pH 7.0 and pH 
10.0 buffer solutions, respectively (see Table 1). Both 
series of experiments were evaluated by spectropho-
tometry in the UV–Vis region with a double-beam 
N6000/N6000PLUS YK Scientific Instrument spec-
trophotometer, equipped with a tungsten lamp.

For the adsorption kinetic studies, ~ 10  mg of 
the HB material was weighed into different erlen-
meyer flasks, and 50  mL of CR (50  mg L−1) or IC 
(10  mg L−1) dye solutions were added. The flasks 
were placed in a MARCONI MA 420 incubator with 
orbital shaker, set to 700  rpm and 24  °C for up to 
168 h. These experiments were done in duplicate.

For the adsorption equilibrium studies, a series 
of erlenmeyer flasks with 50  mL of adsorbate solu-
tions with initial concentrations ranging from 5 to 
70 mg L−1 for CR and from 5 to 50 mg L−1 for IC 
were prepared. Then, the required amount of HB was 
added, and the flask was shaken at 700  rpm during 
the optimized equilibrium time. This experiment was 
carried out at three different temperatures (25  °C, 
35  °C, and 45  °C) for determining the thermody-
namic parameters. Two isotherms were obtained in 
each temperature.

At the end of each adsorption experiment, the 
adsorbent was removed with an external magnet field 
and the solutions were analyzed by UV–Vis spectros-
copy. The adsorption capacity (Qm) and the adsorp-
tion efficiency (%R) for the HB/CR and HB/IC sys-
tems were calculated according to Eqs. (3) and (4).

In these equations, Qm (mg g−1) is the maximum 
adsorption capacity, qt (mg g−1) is the adsorption 
capacity at time t (h). C0 and Ct (mg L−1) are the ini-
tial concentration and the remaining concentration at 
a specific time, respectively. V (L) is the volume of 

(3)Qm = qt =

(

C0 − Ct

)

V

m

(4)%R (%) =

(

C0 − Ct

)

C0

× 100
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the working dye solution, and m (g) is the amount of 
adsorbent used for the adsorption tests. These experi-
ments were done in duplicate.

Data analysis

The following models were employed to fit the kinetic 
data: pseudo-first-order (PFO), pseudo-second-order 
(PSO), Elovich, and the phenomenological inter-
nal mass transfer (IMT) and external mass transfer 
(EMT) models (Wang and Guo 2020).

From these models, it is possible to establish the 
adsorption rate and to gain insight into the adsorption 
mechanism. Equations  (5) to (9) represent the non-
linear PFO, non-linear PSO, Elovich, IMT, and EMT 
models, respectively:

In these equations, qt (mg g−1) is the adsorption 
capacity at time t (min), q1, q2, q3, and q4 (mg g−1) 
are the maximum amount of adsorbed dye. The terms 
k1 (min−1) and k2 (g mg−1  s−1) are adsorption rates 
for the PFO and PSO models, respectively. a and b 
are parameters of Elovich model; KL (L mg−1) is the 
equilibrium constant (related to adsorption Langmuir 
model); kint (min−1) is the internal mass transfer rate 
constant; and kext (L g−1 min−1) is the universal exter-
nal mass transfer coefficient. The unknown param-
eters were determined by nonlinear regression or 
minimization of the objective function (ode models): 
fobj =

∑
�

qt,exp − qt,calc
�2 , where qt,exp (mg g−1) and 

qt,calc (mg g−1) are the experimental and determined 
by models adsorbed amounts at t, respectively.

(5)qt = q1
(

1 − e−k1t
)

(6)qt =
k2q

2
2
t

(

1 + k2q2t
)

(7)qt =
1

b
ln (1 + abt)

(8)
dqt

dt
= kint

[

q3KL

1 + KL(C0 −mqt/V)
− qt

]

(9)
dqt

dt
= kext

[

C0 −
mqt

V
−

qt

KL(q4 − qt)

]

Adsorption isotherms were used to assess the rela-
tionship between solute concentration and the quan-
tity of adsorbate molecules on the solid phase when 
the equilibrium is reached. The following models 
were adjusted to the experimental isotherm data: 
Langmuir, Freundlich, Temkin, and Sips. These mod-
els are described by Eqs. (10) to (13), respectively:

In these equations, qe is the amount of dye 
adsorbed per gram of adsorbent at equilibrium (mg 
g−1), qmL and qmS are the maximum coverage capac-
ity of the monolayer for Langmuir and Sips mod-
els (mg g−1), respectively, and Ce is the equilibrium 
concentration of the adsorbate (mg L−1). KL, KF, KT 
and KS are the Langmuir (L mg−1), Freundlich ((mg 
g−1)(L mg−1)1/n), Temkin (L g−1) and Sips (L mg−1) 
isotherm constants. The empirical parameter nF is 
related to the adsorption intensity, while nS is related 
to heterogeneity of surface of adsorbent. B is a con-
stant related to sorption heat (J mol−1), calculated 
from RT/b, in which R is the universal gas constant 
(8.314 J mol−1 K−1), T (K) is the temperature, and the 
magnitude of b is obtained from the plotted curves.

The Langmuir isotherm (Eq. (10)) assumes a mon-
olayer adsorption mechanism. The separation factor 
(RL), obtained from the Langmuir isotherm, is used 
to assess the favorability of the adsorption activity. 
It designates the shape of the isotherm and can be 
obtained from Eq. (14).

If RL equals zero, the process is considered irre-
versible; if it equals one, the process is linear. An 
RL between zero and one indicates a favorable pro-
cess, and if it is greater than one that means that it 

(10)qe =
qmLKLCe

1 + KLCe

(11)qe = KFC
1∕nF
e

(12)qe = B ln
(

KTCe

)

(13)qe =
qmS

(

KSCe

)1/nS

1 + (KSCe)
1∕nS

(14)RL =

1

1 + KlC0
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is unfavorable (Hall et al. 1966; McKay et al. 1982; 
Ajenifuja et al. 2017; Hu et al. 2018).

The Freundlich isotherm (Eq.  (11)) assumes mul-
tilayer adsorption on a heterogeneous surface. The 
nF value in this isotherm aids in understanding the 
favorability of the adsorption mechanism. For nF > 1, 
adsorption is favorable.

The Temkin model (Eq. (12)) considers the adsor-
bent-adsorbate interactions and assumes that the 
adsorption heat drops linearly as adsorption increases. 
It calculates a uniform binding energy distribution 
over the quantity of surface binding sites.

The Sips model is a combination between the 
Langmuir and Freundlich models. For nS = 1, the iso-
therm shows a Langmuir behavior. If nS <  < 1 the iso-
therm presents a rectangular shape (fast equilibrium), 
and if nS >  > 1 the isotherm reaches the equilibrium 
at low adsorbate concentration, behaving like a Fre-
undlich isotherm.

To assess the reliability of the models fitted to the 
adsorption data by nonlinear regression, the adjusted 
determination coefficient values ( R2

adj
 ) and root mean 

squared error (RMSE) were evaluated and compared. 
The closer R2

adj
 to 1 and lower RMSE values, the 

greater the agreement of experimental and theoretical 
data.

The thermodynamic parameters—Gibbs free 
energy (ΔG0), adsorption enthalpy (ΔH0), and 
entropy (ΔS0)—were determined by Eq. (15), consid-
ering the adsorption isotherms at 25, 35, and 45 °C.

(15)ΔG0
i
= −RT lnKi, ΔG0

i
= ΔH0

i
− TΔS0

i

In this equation, Ki is the isotherm constant (as in 
Eqs. (10)–(13)), and R, T are the gas constant and the 
temperature (in K), as defined previously.

Results and discussion

The synthesized samples were obtained in the form of 
dark powders, which responded to the application of 
an external magnetic field. The characterization and 
adsorption data of each material will be discussed 
below.

Characterization

Analysis of cellulose

Table  2 shows the fractions of cellulose, hemicellu-
lose, and lignin for CN and HB. For comparison, the 
table also shows data from hydrothermally treated 
sugarcane straw samples.

For the monosaccharide analysis, we found that 
CN contains about 41% of glucose, 24.6% of xylose, 
and 3.2% of arabinose. Other monosaccharides 
were detected either in trace amounts (ramnose and 
fucose) or not detected at all. All these percent val-
ues decrease for HB: 26.0 and 12.5% for glucose and 
xylose, respectively, and only traces of arabinose 
and others. This decrease is expected because of the 
hydrothermal treatment (which decomposes some 
organic fraction) and the addition of the inorganic 
component when synthesizing the nanohybrid. It 

Table 2   Chemical 
composition (weight %) 
results for CN and HB

* dos Santos Rocha et al. 
(2017a)

Component CN HB Hydrothermally 
treated sugarcane 
straw*

Glucose 41.0 26.0
Cellobiose Not detected Not detected
Xylose 24.6 12.5
Arabinose 3.2 Traces
Fucose, ramnose Traces Traces
Others Not detected Not detected
Total Cellulose 37 23 34–43
Total hemicellulose 24 11 23–38
Total lignin 12 22 11–25
Ashes 5 8 –
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is worth mentioning that glucose and xylose are the 
major components of cellulose and hemicellulose, 
respectively, and that the values found are within the 
expected ranges. From these values, the amount of 
cellulose and hemicellulose in CN and HB were cal-
culated, according to Eqs. (1) and (2).

The decrease in the fraction of cellulose and hemi-
cellulose in HB in relation to CN must be due to the 
hydrolysis of these components during the hydrother-
mal process. It is also clear that the fact that HB is a 
composite, with a fraction of iron oxide NPs, should 
contribute to an overall decrease of the organic frac-
tion in general. In any case, it is worth noting that the 
cellulose:hemicellulose ratio in HB is different from 
the ratio in CN. This result suggests that, under the 
conditions used in this work, the decomposition of 
hemicellulose in CN is more pronounced than the 
decomposition of cellulose.

On the other hand, the fraction of lignin seems to 
increase in HB. We believe that this is because the 
analysis used measures the insoluble fraction of the 
sample, and in the case of HB the NPs will contribute 
to this fraction. This is also the likely reason for the 
increase in the ash content of HB in comparison to 
CN. We point out that the results for CN agree with 
values reported by Dos Santos Rocha et  al. (2017a) 
for sugarcane straw treated hydrothermally.

XRD analysis

Figure  2 shows the X-ray diffractograms for pure 
nanoparticles, treated sugarcane and the nanohybrid 
material. For the pure NPs, a series of signals match-
ing the pattern of magnetite Fe3O4 (ICSD_Coll-
Code77591, space group Fd-3 m, a = 8.32 Å) can be 
clearly seen. The Miller indices for the signals are 
also shown in Fig. 2. Table 3 lists the Miller indices, 
experimental positions, and relative intensities of the 
magnetite XRD peaks. For comparison, the positions 
derived from the crystallographic file are also listed. 
A few reflections were not observed in the experi-
mental pattern, but inspection of the intensities from 
the crystallographic file confirms that their expected 
intensities are less than 1% of the most intense peak 
(311). The average crystallite size (Dc) was estimated 
from the Scherrer formula (Cullity and Stock 2014) to 
be 26.2 ± 2.5 nm. The pattern also showed a weak sig-
nal around 34°, which could not be fitted to the mag-
netite phase. It is likely due to a small fraction of iron 
oxide changing to hematite during the NPs synthesis.

For the CN materials it is possible to see the weak 
broad peaks at 15° and 22°, characteristic of cellu-
lose (Marković et al. 2015). The XRD pattern of CN 
shows the characteristic peaks of type I cellulose, 
with 2θ values of 16.34°, 22.11°, and 34.58°. These 
values are very close to the ones reported previously 
(Li et  al. 2008; Phat et  al. 2022), at 16.45°, 22.38°, 
and 34.39°, respectively. The 16.34° signal might 
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Fig. 2   XRD pattern for pure NPs, CN, and HB material

Table 3   Comparison of calculated and experimental XRD 
results for the iron oxide NPs

a From CIF for magnetite, ICSD 77591
b Experimental results from this work

Miller INDICES a 2θ (°) Relative 
intensityb

Calculateda Foundb

(111) 18.45 18.49 3.20
(220) 30.36 30.36 30.82
(311) 35.76 35.73 100.0
(222) 37.41 37.45 3.51
(400) 43.47 43.38 23.02
(422) 53.94 53.75 10.04
(333), (511) 57.51 57.32 30.56
(440) 63.16 62.93 41.63
(620) 71.69 71.56 3.93
(533) 74.76 74.47 7.85



2490	 Cellulose (2023) 30:2483–2501

1 3
Vol:. (1234567890)

result from an overlap between the (1–10) and (110) 
planes (French 2014; Shao et  al. 2021). The peak 
at 34.58° is assigned to the (004) plane, while the 
strongest peak, at 22.11°, corresponds to the (200) 
plane. These peaks point to the ordered crystal struc-
ture in cellulose (French 2014; Phat et al. 2022).

The pattern from the HB material shows the rela-
tively well-defined (albeit weak) peaks from magnet-
ite and the broad, low angle signals from CN. There-
fore, the XRD patterns showed that a hybrid material, 
composed of the NPs and CN, was obtained.

FTIR spectroscopy

Figure 3 shows the infrared spectra for NPs, CN and 
HB. The characteristic band of the O–H vibration 
stretching, between 3400 and 3300  cm−1, appears in 
the spectra for all materials. This indicates the pres-
ence of adsorbed water. For the pure nanoparticles, 
peaks around 580 and 636 cm−1 are observed, which 
are assigned to iron oxide (Fe–O) vibrational stretch-
ing modes (Cornell and Schwertmann 2003).

For CN, the spectrum shows the O–H band 
at 3334  cm−1 and the C–H bands at 2920 and 
2850 cm−1, as expected for cellulose (Liao et al. 2011; 
Marković et al. 2015; Lopičić et al. 2019). The band 
at 1731  cm−1 is due to the carbonyl group (C = O) 
stretching vibration related to hemicellulose (Ahmad 
et al. 2018), while the bands in the 1160–1030 cm−1 
region are typically attributed to C–O–C groups of 
the lignocellulosic complex (Siddiqui et al. 2018) and 

to C–OH group stretching (Ahmad et al. 2018). The 
small peak observed at 894  cm−1 indicates the pres-
ence of β-(1-4)-glycosidic bonds present in the mid-
dle of sugar units (Scheufele et al. 2015).

In the HB spectrum, the bands due to oxygen-con-
taining groups shift to lower wavenumbers, indicat-
ing interaction between the organic component and 
the NPs. Thus, it is observed that the hydroxyl and 
the carbonyl bands appear at 3314 and 1716  cm−1, 
respectively.

SEM/EDS analysis

The surface morphology of the NPs, CN and HB 
samples were analyzed by SEM. The micrographs are 
shown in Fig. 4.

The SEM images of NPs obtained at a magni-
fication of 15,000 times (Fig.  4a) shows clusters 
of polydisperse particles. In the image obtained at 
100,000 magnification times (Fig.  4b), it is possi-
ble to observe clusters of particles of various sizes: 
while some are smaller than 50 nm, several of them 
exceed 150 nm. Since these NPs are magnetic, they 
commonly agglomerate when dispersed in a liquid 
medium (De Araújo 2011). The SEM images of CN 
material are shown is Fig. 4c, d. Longitudinal fibrous 
features from organic matter is revealed (Jawaid et al. 
2021). The SEM images of the HB material are pre-
sented in Fig. 4e, f. A relevant change in the morphol-
ogy of the material, when compared to its precursors 
(NPs and CN), is noticed. The images show that the 
HB material has a globular morphology, sometimes 
presenting irregular shapes, with a large size range 
(from less than 500 nm to about 2 µm). EDS analysis 
did not show any signal from iron in the HB mate-
rial. However, since the material presented significant 
attraction to an external magnetic field, the presence 
of iron in it is clear. The XRD results also support 
this statement.

Thermal characterization

The thermal stability and mass loss profile of NPs, 
CN and HB were analyzed in the range of 26–900 °C. 
Figure  5 shows the thermograms obtained for the 
three materials. For the NPs, an initial mass loss takes 
place between 30 and 100 °C, which corresponds to 
the evaporation of adsorbed water. A second thermal 
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event occurs between 100 and 300 °C and it is associ-
ated with the loss of water molecules more strongly 
bonded to the NPs. The total percentage of mass loss 
for the NPs was around 14%. As expected, no further 
significant loss is observed up to 900 °C.

The CN thermogram was consistent with that 
found in the literature (Rodríguez-Díaz et  al. 2015). 
According to Machado et  al. (Machado et  al. 2018) 
three mass loss events are found for sugarcane 
bagasse: the loss of surface water around 100 °C, the 
decomposition of organic matter between 250 and 

Fig. 4   SEM images of a, b 
NPs, c, d CN, and e, f HB 
material
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350 °C, and the carbonization of the material between 
350 and 480 °C. In this work, the TGA for CN also 
showed three mass loss events. The first event starts 
at 30  °C and goes up to 150  °C due to water loss 
(~ 7%), the second one goes from 170 to 340 °C due 
to decomposition of organic matter (~ 52%) and the 
last one occurs between 340 and 560  °C, which is 
attributed to the material carbonization (~ 35%).

The thermogram obtained for HB was also similar 
to pyrolyzed organic materials found in the literature 
(Batra et  al. 2008; Rodríguez-Díaz et  al. 2015). The 
first event of mass loss (~ 3%) occurred between 25 
and 100 °C, probably due to moisture loss. The sec-
ond event (~ 32%), due to organic decomposition, 
occurred between 200 and 340 °C, and the third one 
(~ 49%), also due to decomposition, occurred between 
340 and 550  °C. The similarities between the ther-
mograms of CN and HB can be understood as being 
due to the low temperatures used in the hydrothermal 
conditions for the nanohybrid (150  °C) synthesis. 
This suggests that uncarbonized organic material still 
exists in HB. The lower amounts of mass loss and the 
residue observed for HB (~ 24%) are due to the inor-
ganic NP fraction present.

PZC analysis

The PZC analysis was used to study the surface abil-
ity to equally adsorb negative and positive charges. 
The zero-charge point can be defined as the pH value 
in which adsorption of H+ and OH− ions on the mate-
rial surface are equal (Kosmulski 2011, 2016). The 

PZC determination for HB is shown in Fig. 6 and is 
equal to 5.17, which means that the HB surface is 
electrically neutral at this pH value.

Thus, the HB surface is negatively charged at pH 
values higher than 5, presenting cation exchange 
capacity, whilst it is positively charged when the pH 
is lower than 5, indicating anion exchange capacity.

0 100 200 300 400 500 600 700 800 900

0

20

40

60

80

100

HB

NPs

W
ei

gh
t (

%
)

Temperature (ºC)

CN

Fig. 5   TGA results for NPs, CN, and HB material

2 3 4 5 6 7 8 9 10 11 12
2

3

4

5

6

7

8

9

10

11

12

Fi
na

l p
H

Initial pH

PZC = 5.17

Fig. 6   Point of zero charge for HB material

350 400 450 500 550 600 650 700 750
0.0

0.5

1.0

1.5

2.0

2.5

3.0

A
bs

or
ba

nc
e 

(a
. u

.)

Wavelength (nm)

 pH 10.96
 pH 10.45
 pH 9.98
 pH 7.76
 pH 6.54
 pH 6.45
 pH 5.18
 pH 4.54
 pH 3.15
 pH 3.09

IC

610 nm

Fig. 7   Study of IC dye stability at pH from 10.96 to 3.09



2493Cellulose (2023) 30:2483–2501	

1 3
Vol.: (0123456789)

Adsorption application

Effect of pH on indigo carmine and congo red dyes

Indigo carmine and congo red are acid–base indica-
tor dyes, in aqueous solution (Mera and Davies 1984; 
Zanoni et al. 2010). Their color and absorption char-
acteristics depend on the pH. In the adsorption pro-
cess, the absorption properties are also governed by 
the nature of the adsorbent and medium environment.

Figures  7 and 8 show the absorption spectra 
(350–750 nm) for aqueous solutions of IC and CR, 
respectively, at various pH values.

The IC dye presents a maximum absorbance 
wavelength (λmax) around 610  nm, which does not 
shift when the pH is varied from ~ 11 to ~ 3.0. Color 
change (from blue to yellow) takes place only above 
pH 13.

For the CR dye, when the pH is varied from 
10.03 to 5.67, λmax is around 498  nm. It shifts to 
568 nm and 666 nm when pH is 3.20 and 3.58. It is 
known that CR is red at pH above 5.2, changing to 
blue below 3.0.

Because of the behavior observed for each dye, 
all experiments with IC were at pH values below 
11, while the experiments with CR were at pH val-
ues above 5. It is also worth mentioning that both 
aqueous and buffer solutions of IC and CR were 
stable for several days.
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Table 4   Analysis of ideal pH for IC and CR dyes adsorption

a %R (%) = adsorption efficiency

DYES pH %R (%)a

Indigo carmine 10 29.2
4 16.9

Congo red 10 22.7
7 39.1
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Fig. 9   Adsorption kinetics results for the HB/CR system and 
fitting of PSO and Elovich models. [CR] = 50.0 mg L−1, mass 
of HB = 10 mg, room temperature, pH 7.0, 700 rpm
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of HB = 10 mg, room temperature, pH 10.0, 700 rpm
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Table  4 presents the percentual adsorption val-
ues for HB/IC at pH 4.0 and 10.0, and for HB/
CR in pH 7.0 and 10.0. For CR, the best percen-
tual adsorption (~ 39%) was obtained for the lower 
pH (7.0). The highest percentual adsorption for IC 
(~ 29%) was obtained in pH 10.0.

Based on these results, all subsequent experi-
ments to study the adsorption of the dyes by HB 
were carried out using buffer solutions with pH 
10.0 (for IC) and 7.0 (for CR). The studies were 
carried out at pH above the adsorbent’s PZC to 
favor ionic change capacity.

Adsorption kinetics

For the kinetic study, the adsorbent (HB) was added 
into CR (50 mg L−1) and IC (10 mg L−1) solutions. 
Figures 9 and 10 show the kinetic data for the HB/CR 
and HB/IC systems, respectively. For IC, a secondary 
effect was detected—possibly related to the decompo-
sition of the dye in the presence of HB—which was 
accentuated after 72  h of contact. For this reason, 
the kinetic models test was performed only for data 

obtained up to 72  h. The complete data, evidencing 
the observed effect, are presented in the Supporting 
Information.

Five different kinetic models were used to fit the 
kinetic data. Table  5 lists the parameters obtained 
from each model for HB/CR and HB/IC. The pseudo-
second order (PSO) model and the Elovich model are 
used to fit the data in Figs. 9 and 10. The unfitted data 
are shown in the Supporting Information.

The results observed in Table 5 indicate good fits 
of the experimental data only for the PSO and Elovich 
models ( R2

adj
≥ 0.90 ), for both dyes. The other inves-

tigated models, therefore, cannot be used to predict 
the adsorption behavior of these dyes, and the phe-
nomena associated to them should not represent how 
the process is occurring (effects of diffusion resist-
ance are negligible).

A good fit to the PSO model (Wang and Guo 
2020) indicates a longer adsorption equilibrium, and 
the existence of many adsorption sites on the adsor-
bent. The Elovich model indicates that the activation 
energy increases with the adsorption time, and that 

Table 5   Parameters of the 
kinetic models applied to 
the adsorption of CR and 
IC by HB

Model Parameter CR IC

PFO qe (mg g−1) 12.34 ± 1.08 1.01 ± 0.07
k1 (min−1) 12.31 ± 0.00 1.31 ± 0.00
R2

adj
0.1975 0.3331

RMSE 82.2918 0.3287
PSO qe (mg g−1) 20.86 ± 1.94 1.50 ± 0.05

k2 (g mg−1 min−1) (2.53 ± 0.19) × 10−4 (5.87 ± 0.83) × 10−3

R2

adj
0.9876 0.9599

RMSE 1.4443 0.0222
Elovich α (mg g−1 min−1) 0.31 ± 0.04 0.07 ± 0.01

β (g mg−1) 0.28 ± 0.01 4.41 ± 0.24
R2

adj
0.9766 0.9760

RMSE 2.4068 0.0118
IMT kint (min−1) 7.93 ± 0.00 2.52 ± 349.94

qmax (mg g−1) 12.48 ± 175.09 1.05 ± 86.45
KL (L mg−1) 1.77 ± 211.41 0.52 ± 114.79
R2

adj
0.1440 0.2818

RMSE 82.2918 0.3287
EMT kext (min−1) 1.66 ± 491.22 1.83 ± 182.14

qmax (mg g−1) 12.75 ± 210.05 1.04 ± 254.22
KL (L mg−1) 0.61 ± 31.07 0.82 ± 83.96
R2

adj
0.1441 0.2817

RMSE 82.2917 0.3286
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the surface of the material is heterogeneous (Wang 
and Guo 2020). Also, this model suggests that a 
chemisorptive process is taking place.

The values qe,CR > qe,IC and k2,CR < k2,IC represent 
a higher amount adsorbed at equilibrium and a slower 
adsorption of CR compared to IC. In the process 
investigated in this work, these phenomena seem to 
be complementary. Although both fitted models can 
represent the process for the dyes without restrictions, 

the PSO model presented lower RMSE values com-
pared to the Elovich model for the HB/CR system. 
This means that PSO may be more adequate in terms 
of process description, although effects associated 
with the Elovich assumptions might also be playing a 
role. On the other hand, the Elovich model is slightly 
better for HB/IC—again, with contribution of the 
PSO characteristics to the kinetics.

Adsorption isotherms

For the study of adsorption equilibrium, Langmuir, 
Freundlich, Temkin, and Sips models were adjusted 
to the experimental data (Langmuir 1919; Siddiqui 
et  al. 2018; Damasceno et  al. 2020; Yağmur and 
Kaya 2021).

The Langmuir isotherm describes monolayer 
coverage of solute on the adsorbent surface at equi-
librium, disregarding the interaction among the 
adsorbed species (Langmuir 1919). The Freundlich 
isotherm describes the multilayer coverage of solute 
on the adsorbent surface at equilibrium, consider-
ing the adsorption intensity or surface heterogeneity 
(Proctor and Toro-Vazquez 1996; Abualnaja et  al. 
2021). The Temkin isotherm describes multilayer 
coverage of solute on heterogeneous sites of adsor-
bent, via electrostatic interactions between positive 
and negative charges, also considering the adsorb-
ate–adsorbate interactions during the adsorption 
batches (Al-Ghouti and Al-Absi 2020). The Sips 
isotherm is a combination of Langmuir and Freun-
dlich models. The parameters obtained from the iso-
therm models are shown in Table 6.

The results presented in Table 6 indicate good fit 
of the experimental data to the Langmuir, Freun-
dlich and Sips models ( R2

adj
≥ 0.90 ), considering the 

different temperatures, for both dyes. The Temkin 
model only showed a good fit to the CR dye at tem-
peratures of 25  °C and 35  °C. Even though three 
models presented good fits to the experimental data, 
the most suitable for predicting the isotherms is the 
Sips model, since it presented the lowest RMSE val-
ues—and it combines assumptions from Langmuir 
and Freundlich. Figures  11 and 12 show the iso-
therms for CR and IC, respectively, at the three tem-
peratures (25, 35, and 45  °C). The Sips fitting is 
also shown for all isotherms. The other model fit-
tings are shown in the Supporting Information.
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From the values obtained for the parameters, it 
was observed the growth of the maximum amount 
adsorbed in monolayer for the CR (qmL or qmS), indi-
cating that the filling of the surface for this dye is 
unfavored by the increase in temperature, while an 
opposite behavior is observed in the case of IC The 
predicted values for the maximum amount adsorbed 
are much higher for IC compared to CR, but the KL 
(and KS) values are higher for CR, indicating that the 

latter tends to reach equilibrium faster, thus promot-
ing less surface filling.

In addition, KL (and KS) for CR decreases with 
increasing the temperature. The opposite behavior is 
observed for IC. This suggests that the mechanism of 
adsorption by HB differs for each dye. The values of 
nS ≠ 1 (also seen for nF) indicate that the process of 
adsorption displays some heterogeneity, even with 
nS ≈ 1 for IC at 45 °C.

Table 7   Calculated separation factors and adsorption feasibility for HB/IC and HB/CR systems at different temperatures

RL
−  = separator factor calculated based in the lowest dye concentration

RL
+ (L⋅mg−1) = separator factor calculated based in the highest dye concentration

Parameter CR IC

25 °C 35 °C 45 °C 25 °C 35 °C 45 °C

KL (L⋅mg−1) 4.76 × 10−2 5.41 × 10−3 2.62 × 10−3 1.04 × 10−6 2.64 × 10−6 3.13 × 10−5

R−

L
(L⋅mg−1) 0.81 0.97 0.99 1.00 1.00 1.00

R+

L
(L⋅mg−1) 0.23 0.73 0.85 1.00 1.00 1.00

Feasibility Favorable Favorable Favorable Linear Linear Linear

Table 8   Thermodynamic parameters for adsorption on first layer

Dye T(K) KS (L⋅mol−1) ΔG (kJ mol−1) ΔH (kJ mol−1) ΔS (kJ mol−1 K−1) R2

adj
RMSE

CR 298 2.03 × 10−2  − 85.79 ± 17.99
308 8.32 × 10−3  − 85.17 ± 17.85  − 104.37 ∓ 21.88  − 0.06 ∓ 0.02 0.9158 0.1543
318 1.42 × 10−3  − 84.55 ± 17.72

IC 298 4.77 × 10−6 37.31 ± 2.45
308 7.31 × 10−6 32.14 ± 2.44 37.26 ∓ 2.82 0.02 ∓ 0.01 0.9885 0.0264
318 1.23 × 10−5 31.97 ± 2.42

Table 9   Comparison of various adsorbents maximum adsorption capacity on the IC and CR dyes removal

Adsorbent Adsorbate pH Qm (mg g−1) Adsorption 
time (h)

Ref

Activated carbon IC 2 9.39 2.5 Bhowmik et al. (2021)
Abrasive spherical materials made of rice husk ash IC – 0.40 5 Arenas et al. (2017)
FSB@600 °C-Fe3O4 IC 2 7.65 2 Achieng’ et al. (2021)
Acacia nilotica sawdust activated carbon IC 6.76 4.79 2 Gupta and Lataye (2017)
HB nanohybrid IC 10 1.46 24 This work
MNPs@NiFe LDH CR – 79.60 1 Taher et al. (2021)
Fe3O4-AC CR 4 48.00 1.75 Belachew and Bekele (2020)
MgFe2O4–OH NPs CR 8 67.60 7 Aoopngan et al. (2019)
Switchgrass-biochar-600 °C CR 6 8.00 0.25 Park et al. (2019)
HB nanohybrid CR 7 18.39 24 This work
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The findings suggest that adsorption by HB 
takes place by monolayer formation, and that elec-
trostatic forces might be present. The relatively 
low values of KL may indicate that adsorbent and 
adsorbate interact physically (Langmuir 1919). The 
separation factor (RL) was calculated for both sys-
tems in the lowest (HB/CR, Co = 5  mg  L−1; HB/
IC, Co = 5  mg  L−1) and highest initial concentration 
(HB/CR, Co = 70  mg  L−1; HB/IC, Co = 50  mg  L−1). 
The adsorption mechanism of each HB/CR system 
presented RL between 0 and 1, indicating favorable 
adsorptions. On the other hand, each HB/IC system 
presented RL = 1 indicating a linear process (Hall 
et al. 1966; Arenas et al. 2017; Bhowmik et al. 2021). 
Therefore, the feasibility of the adsorption was deter-
mined according to the separation factor of Langmuir 
and the shape of isotherm curves (Table 7). The con-
vex isotherm curves (0 < RL < 1) show a favorable 
adsorption (McKay et al. 1982; Ajenifuja et al. 2017; 
Hu et al. 2018). Additionally, as closer as to vertical 
axis, more favorable is the adsorption and smaller is 
the RL. The value of Qe increases linearly with the 
increase in Ce when RL = 1.

The thermodynamic parameters were determined 
by Eq. (15), using the Sips isotherm constant, and are 
shown in Table 8.

The results indicate that adsorption is exothermic 
for CR (ΔH < 0) and endothermic for IC (ΔH > 0): 
with an increase in temperature, adsorption is inhib-
ited for CR, but favored for IC. The observed absolute 
ΔH values, much greater than 20 kJ  mol−1, indicate 
that the processes are irreversible—suggesting that 
chemisorption is taking place. For CR, ΔG < 0, which 
means that adsorption is spontaneous and favorable. 
Finally, the higher ΔS values indicate lower random-
ness for the CR-adsorbate interaction.

Effect of temperature on adsorption

It is noticeable from the isotherms and fitted mod-
els (Figs.  11, 12, and Supporting Information) that 
the increase in temperature enhances the adsorption 
capacity. At the highest experimental concentra-
tions, the adsorption process exhibited better perfor-
mance for IC adsorption at 45  °C (294.39  mg  g−1) 
in comparison to 35  °C (243.96 mg  g−1) and 25  °C 
(205.53 mg g−1). This is an indication that the adsorp-
tion reaction is endothermic and spontaneous (Santos 
et  al. 2017b; Wahab et  al. 2017). This means that 

the adsorption efficiency rises with an increment of 
dye molecules mobility of IC, since it actively inter-
acts towards active sites of the adsorbent molecule 
because of temperature increment.

The uptake of CR by HB, on the other hand, 
was more favorable at the lowest temperature 
(45.98  mg  g−1 for 25  °C) compared to the higher 
temperatures (35  °C, 41.30  mg  g−1, and 45  °C, 
17.93 mg g−1). The reduction of adsorption capacity 
at higher temperatures is an indication of an exother-
mic process (Santos et al. 2017b; Wahab et al. 2017). 
According to adsorption kinetics and isotherm stud-
ies, the removal capacity of CR dye is higher owing 
to its higher affinity to interact with the HB surface 
than IC.

Comparison with related studies

Table 9 lists the adsorption capacities obtained for 
the removal of IC and CR dyes based on different 
adsorbents. Based on the reported results, the HB 
is inadequate to remove IC dye, however it can be 
used effectively for the CR adsorption from aqueous 
solutions as compared to other adsorbent materials.

Conclusions

A magnetic nanohybrid material (HB) was synthe-
sized by a hydrothermal method from pyrolyzed sug-
arcane straw (CN) and magnetic iron oxide nanoparti-
cles (NPs) precursors.

The materials were characterized by several tech-
niques, and evaluated as adsorbents for congo red 
(CR) and indigo carmine (IC) by kinetic and isotherm 
adsorption tests. XRD and FTIR results confirmed 
that a hybrid material, composed of the NPs and 
CN, was obtained. FTIR also showed that interaction 
between the organic component and the NPs takes 
place in HB. SEM showed that HB exhibited globular 
morphology, irregular shape, and a wide size range. 
PZC showed that the surface of HB is neutral at pH 
5.17. The best pH for the uptake of CR and IC was 
between 5.2 (%R ~ 39%) and 10.0 (%R ~ 23%), and at 
pH above 5.2 (%R ~ 29%), respectively.

Several kinetic and isotherm models were fitted 
to the adsorption data, in order to better understand 
the interactions between the nanohybrid and the dyes. 
The adsorption kinetics followed well both the PSO 
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and the Elovich models. This suggests that both PSO 
and Elovich mechanisms seem to be playing a role, 
albeit with somewhat different contributions, for 
the adsorption of CR and IC on HB. PSO is slightly 
better for the HB/CR system, and the parameters 
obtained indicate that adsorption equilibrium takes 
longer, with a higher number of adsorption sites, than 
for IC. On the other hand, Elovich is slightly better 
for the adsorption of IC, suggesting that there is some 
degree of chemisorption.

The Sips model, which combines Langmuir and 
Freundlich models, provided the best fit to the iso-
therm data for both dyes. From these parameters, it 
was observed that HB surface coverage is unfavored 
by the temperature increase in the case of CR, while 
the opposite is true for IC. The predicted values for 
the estimated maximum amount adsorbed were 
much higher for IC, since the results do not indicate 
the occurrence of material saturation for the investi-
gated concentration range. In this sense, the observed 
behavior indicates that increasing the initial concen-
tration would still allow a greater amount of dye to be 
adsorbed at equilibrium.

One can conclude that HB is a promising mate-
rial for the removal of dyes with the chemical func-
tionalities found in CR and IC, even though some 
parameters must be improved. The material utilizes 
sugarcane waste and relatively cheap, easily made 
iron oxide NPs. The favorable thermodynamics, the 
possibility of magnetic recovery and the potential for 
improving adsorptive capacity and kinetics via syn-
thetic adjustments are also attractive features.
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