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Abstract  Fabrication of polysaccharide-supported 
metal oxide composites is effective in eliminat-
ing aqueous contaminants including dyes. Herein, 
a starch-fabricated pyrolusite (SFP) composite was 
successfully synthesized by copolymerization-
induced grafting of starch with pyrolusite and  was 
tested to remove malachite green (MG) dye from 
water. Here, sodium dodecyl sulfate (SDS) was used 
for cross-linker with pyrolusite, and ammonium per-
sulfate (APS) was instrumental for grafting initiator 
with starch and pyrolusite. The synthesized SFP was 
obtained as a dark brown powder and was analyzed 
by powder XRD, SEM, BET surface area, pHzpc, 
HRTEM, and FTIR. An excellent maximum adsorp-
tion capacity was found (170 mg.g−1) at neutral pH. 
The adsorption kinetics could be best described by 
pseudo-second-order and multi-step intra-particle-
diffusion model Langmuir isotherm best describes 
(R2 = 0.999) the adsorption pathway, suggesting a 

monolayer process. The negative thermodynamic 
parameters suggest a spontaneous (∆G value – 
18.893  kJ/mol to – 26.635  kJ/mol), endothermic, 
and feasible process. A high degree of regeneration, 
(87%), and cyclic reusability is advantageous. A com-
parison with contemporary adsorbents affirms the 
efficacy of the material.

Keywords  Starch · Pyrolusite · Copolymerization · 
Grafting · Malachite green · Adsorption

1  Introduction

In the last two to three decades, it has witnessed an 
increased use of various dyes in diverse segments. 
As a result, water bodies along with the surrounding 
environment are facing deterioration. The discharge 
of organic pollutants including dyes is continuously 
contaminating water bodies (Jiang et al., 2016). It is 
well known that dyes are teratogenic, non-biodegrad-
able, mutagenic, noxious, and carcinogenic, in nature. 
Thus, a need emerges to remove such pollutants 
using sustainable technologies. The presence of dyes 
increases the COD and BOD in water, which results 
in abhorrent smells (Mittal et al., 2018a; Sukriti et al., 
2016). Dyes are used in different industries like cos-
metics, leather, painting, textiles, paper, and food (Ma 
et  al., 2017; Muthukumaran et  al., 2016; Sarmah & 
Karak, 2020). To remove the hazardous dyes from 
waterbodies, several techniques have been used such 
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as oxidation, chemical reduction, membrane technol-
ogy, electrochemical, biological, chemical precipita-
tion, and adsorption (Li et  al., 2018a; Noreen et  al., 
2020; Sharma et al., 2017a). Among all, adsorption is 
cost-effective and easy to implement (Bhattacharyya 
et al., 2018; Hosseinzadeh & Ramin, 2018; Naushad 
et al., 2016). Various nanomaterials(Saad et al., 2017; 
Sharifpour et al., 2020), nanomaterial-based compos-
ite (Moharrami & Motamedi, 2020), graphene oxide 
(Bhattacharyya et al., 2018), activated carbon, hydro-
gel (Farag et  al., 2018; Junlapong et  al., 2020), chi-
tosan (He et al., 2016; Li et al., 2018b), xerogel(Bao 
et al., 2016), metal oxide, and metal oxide composite 
(Abdullah et  al., 2019) were synthesized and exer-
cised for removal of dyes.

It has been  found that in recent years starch-
grounded adsorbents are used frequently for their 
characteristic properties of environmentally friendly, 
widespread applicability, high sorption capacity, 
elasticity, thermal resistance, ion exchange capabili-
ties, resistance to microbiological attack, and biodeg-
radability.(Farag et  al., 2018) Starch has a backbone 
consisting of free hydroxyl groups on it, and it  is a 
low-cost, very popular compared to chitosan, cellu-
lose, and polysaccharides can be modified easily(Li 
et al., 2020). Starch-based adsorbents can adsorb dyes 
primarily through force attraction of hydrogen bonds 
and weak interaction of Vander Waals forces (Zhang 
et al., 2020).

Recently, starch-based resins (Zhang et  al., 
2020), starch-modified ZnMgAl-LDHs (Tao et  al., 
2018), starch-Pectin magnetite nanoparticles (Nsom 
et  al., 2019), the magnetic nanocomposite based 
on starch-g-poly (vinyl alcohol) (Pourjavadi et  al., 
2016), starched silver nanoparticles (Muzaffar & 
Tahir, 2018), and starch derived zinc-carbon foam-
like  structure (Priyanka & Saravanakumar, 2018) 
were reported earlier to remove contaminated dyes 
from effluents. Enhanced surface area exhibited by 
the abovementioned adsorbents is the key to success-
ful dye removal.

Starch-fabricated adsorbents such as starch-based 
nanocomposite (Mallakpour & Rashidimoghadam, 
2017), hierarchically porous carbon spheres (Yang 
et  al., 2016), starch/ZnO nanocomposite (Namazi 
et  al., 2019), and starch-coated nanoparticles (Stan 
et al., 2019) show good adsorption properties. Starch 
is a nontoxic, biodegradable, cheap polysaccha-
ride, and capable of forming various grafted materials 

(Xia et al., 2020). Fabricated starch composites offer 
a high surface area and porous characteristics, mak-
ing them ideal adsorbents in the removal of toxic dye 
molecules (Jiang et  al., 2017). Metal oxides signifi-
cantly contribute to adding higher surface area which 
is essential to adsorb dye molecules (Mahmoud et al., 
2019).

Malachite green is a toxic, non-biodegradable, car-
cinogenic, and mutagenic dye, so its removal felt nec-
essary from contaminated water (Zare et  al., 2018). 
However, in most cases, efficiency was found moder-
ate and the reusability of the material studied has not 
been spelled out clearly. In the last couple of years, we 
have reported the application of several biosorbents 
(eucalyptus leaf powder, dewaxed honeycomb, mahua 
seed, activated coconut fiber, coco-peat) and chemo-
sorbents (iron-zirconium binary oxide, cobalt, nickel 
oxide magnetic nanoparticles) for effective dye treat-
ment from water (Kumari & Dey, 2019; Kumari et al., 
2020a, 2020b; Mohanta et al., 2020a, 2020b, 2020c).

With this development, a new starch-fabricated 
composite material was synthesized by grafting with 
pyrolusite, a cost-efficient adsorbent on the way to 
scavenge malachite green. To evaluate the efficiency 
of starch fabricated pyrolusite (SFP) material, batch 
experiments have been systematically conducted by 
changing the various conditions (dose, temperature, 
concentration, contact time, and  pH) effect on it with 
MG dye. The material was thoroughly characterized 
by various techniques to establish its efficiency. Thus, 
SFP is used as a sustainable adsorbent, for dye decon-
taminate (malachite green) from filthy water.

2 � Experimental Section

2.1 � Materials and Methods

Starch was bought from Merck, India. Ammonium 
persulfate (APS) was purchased from Hi-Media 
chemical private limited, India. Pyrolusite was pur-
chased from Research-Lab Fine ChemIndustries 
(India). The pyrolusite appeared black and amor-
phous. The elemental composition suggests the pres-
ence of Mn-oxide (MnO + MnO2) content is ~ 78%. 
Besides, Fe-oxide (~ 20%) and Ca-oxide (~ 2%) were 
found to be present. Sodium dodecyl sulfate (SDS) 
was purchased from Research-Lab Fine Chem Indus-
tries. Malachite green (MG), sodium chloride (NaCl), 
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sodium hydroxide (NaOH), and hydrochloric acid 
(HCl)were received from Rankem, India. Each solu-
tion used for the experiment was prepared using 
deionized water. Experiments were conducted in 
three sets for each investigation. Chemical purity has 
been presented in the supporting information section 
(Table S1).

2.2 � Characterization

SFP was systematically analyzed by techniques such; 
as FTIR, SEM, XRD (powder), zero-point charge 
(pHZPC), surface area (BET), and HRTEM. SEM 
morphology was recorded in JSM-6390LV instru-
ment, Jeol, Japan. FTIR spectra were documented 
(IR-Prestige 21 spectrophotometer), in Shimadzu, 
Japan. Powder XRD was recorded in AXRD proto 
bench top, Canada, using Cu target at 30  kV and 
20 mA. MG dye solution concentrations were meas-
ured  in Spectrophotometer (Hitachi, U-2900, Japan, 
double beam UV–Visible) and  was used for absorb-
ance study at λmax = 618 nm. HRTEM of SFP materi-
als was recorded using JEOL, JEM-2100 microscope, 
Japan. BET surface area was analyzed in Micromerit-
ics 3Flex analyzer instrument. Each batch experiment 
was carried out in a rotary orbital shaker, Sohag, 
India. Solution pH and pHZPC were estimated by 
Systronics digital pH meter (model 802, India). For 

centrifugation, Remi-bench top model R-8  M, India 
was used to separate adsorbents from the reaction 
mixture.

2.3 � Preparation of Starch Fabricated Pyrolusite

A 5 g pyrolusite was suspended in 100 mL water and 
stirred in a magnetic stirrer. A 2 g of starch was dis-
persed into hot water (20 mL, 75–80 °C) and slowly 
added to it. Relatively smaller amylose molecules 
come out of the starch granules and form a network 
that holds water, making the mixture viscous which 
is somewhat analogous to starch gelatinization. To 
this solution, a 10% ammonium persulfate dissolved 
in water (20 mL) was added drop-wise as an attach-
ing initiator followed by drop-wise addition of 4  g 
sodium dodecyl sulfate that was liquefied in water 
(20  mL). The resultant mixture was heated (75 °C) 
for 6 h with constant stirring. A thick dark brown pre-
cipitate gradually started to form. To eliminate unre-
acted starch, APS, and SDS, the precipitate has been 
washed with warm water several times. The material 
was aged overnight, filtered through G-4 frit (Zenith 
glass, 5–15 microns size, 80 mL), washed thoroughly 
with hot water, and dried at 65 °C in a hot air oven 
for 12 h. Yield is 84%, and appearance is amorphous 
powder. The scheme of the reaction is provided in 
the supporting information section (Scheme S1). A 
flowsheet of the process was provided as Scheme 1.

Scheme 1   Flowsheet of the synthesis, adsorption, and regeneration process
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3 � Experimental

3.1 � Dye Adsorption Study

All experiments were carried out using non-cor-
rosive plastic bottles in a triplicate set. In a typi-
cal experimental setup, dye solutions (50  mL) 
have been taken with different concentrations 
(10–100  mg/L), a time interval (5–140  min) was 
fixed at different pH (3–9), and adsorbents were 
added at a different dose (0.05–0.5 g). All the bot-
tles were sealed by teflon and agitated at a shaking 
speed (120 ± 5  rpm) at room temperature (298 K). 
After completion of the desired experiment, the 
residual solution was centrifuged at 5000 ± 5  rpm 
for 3  min, SFP particles were separated, and 
residual the dye concentration was measured. The 
maximum adsorption capacity and adsorption per-
centage at equilibrium were estimated using the 
following Eqs. (1–2):

where qe is for dye adsorption capacity in mg.g−1 at 
equilibrium and C0 and Ce denote the concentration 
of MG dye (mg.L−1) solution at the initial and final 
stages, respectively. V is the volume of MG dye 
solution used (mL). m (g) is the weight of SFP used, 
and R% is the percentage of adsorption. Estimation 
of pHzpc was done by using the solution drift 
method with the standard procedure reported in the 
literature.

3.2 � pHzpc estimation

The pH drift method was used for the zero-point 
charge measurement of the SFP adsorbent. Stock 
solutions (0.01 M NaCl in 500 mL) were prepared; 
SFP (100  mg) was added to NaCl (50  mL, stock 
solution), with different pH ranges from 2 to 12. 
The solution was shaken for 22  h at 110 ± 5  rpm, 
and the final pH (NaCl solution) was estimated. It 
was found that 6.71 was evaluated pHzpc (by plot-
ting initial and final pH).

(1)qe =
(

C0 − Ce

)

×
V

m

(2)R% =

(

C0 − Ce

C0

)

× 100

3.3 � Regeneration

The regeneration study was carried out with three 
different stripping agents: 0.1  M of sodium hydrox-
ide, 0.1 M of hydrochloric acid, and 0.1 M of sodium 
chloride. Dye-loaded SFP composite adsorbent was 
washed with distilled water for the removal of sur-
face-adhering dye molecules. It was then dried and 
mixed with each of the disrobing solutions and was 
shaken for 4 h. SFP composite adsorbents were sepa-
rated using a centrifuge, and residual dye concen-
trations were measured. Regenerated material was 
washed, dried, and tested for reuse. Cyclic efficiency 
was measured as follows:

4 � Results and Discussions

4.1 � Characterization

4.1.1 � FTIR

FTIR analysis and spectra for SFP with SFPMG 
are presented in Fig.  1a. The peak of 3421  cm−1 
is attributed to O–H stretching frequency for 
SFP which after MG adsorption gets shifted to 
3406  cm−1. It is dependable on prior reports (Haq 
et  al., 2020; Irinislimane & Belhaneche-Bensemra, 
2017; Liu et  al., 2016). The peak showing at 
3042  cm−1 corresponds to the C–H stretching 
frequency (aromatic) of MG dye. The sharp peak 
indicated at 2926  cm−1 is responsible for the 
aliphatic C–H stretching of starch. After adsorption, 
one additional peak was identified at 2917  cm−1 
which is due to C–H stretching of MG (Mohanta 
et  al., 2019; Sharma et  al., 2017). This confirms 
successful dye adsorption. The sharp peaks are 
present at 1595  cm−1, and the small peak at 
1575 cm−1 corresponds to N–H stretching after the 
adsorption of MG (Haq et  al., 2020; Irinislimane 
& Belhaneche-Bensemra, 2017; Jiang et  al., 2017; 
Kumari & Dey, 2019; Kumari et al., 2020a, 2020b; 
Liu et al., 2016; Mahmoud et al., 2019; Mallakpour 
& Rashidimoghadam, 2017; Mohanta et al., 2020a, 

Efficency(%) =

(

dye uptake in second run

dye uptake in f irst run

)

x100



Water Air Soil Pollut (2024) 235:50	

1 3

Page 5 of 16  50

Vol.: (0123456789)

2020b, 2020c; Muzaffar & Tahir, 2018; Namazi 
et  al., 2019; Nsom et  al., 2019; Pourjavadi et  al., 
2016; Priyanka & Saravanakumar, 2018; Sharma 
et al., 2017; Stan et al., 2019; Tao et al., 2018; Xia 
et  al., 2020; Yang et  al., 2016; Zain et  al., 2018; 
Zare et  al., 2018). The weak band at 1404  cm−1 
corresponds to C-O–H bending vibration. The broad 
band at 995  cm−1 is for C–O bending vibration 
(Haq et  al., 2020; Sonawane & Patil, 2018; Su 
et  al., 2018). Peaks showing at 532 and 529  cm−1 
are endorsed to Mn–O stretching originating from 
pyrolusite before and after dye treatment. This 
indicates the involvement of oxygen in the binding 
of dye through various interactions.

4.1.2 � XRD Analysis

Figure  1b indicates the demonstration of powder 
XRD meant for SFP composites adsorbent. The 
amorphous nature was identified with weak diffrac-
tion peaks. The peak at 24.5° and 63.4° is due to the 
pyrolusite unit. Other peaks were not found promi-
nent probably due to the embedding of pyrolusite 
within the starch macromolecular framework.

4.1.3 � SEM Analysis

Figure  2a indicates the surface morphology of SFP 
identified by SEM analysis. It was seen from the 
microphotograph that the SFP is highly porous hav-
ing tetragonal, pentagonal, and hexagonal pores. Such 
pores facilitate the adsorption of dye more efficiently. 
From Fig. 2b, it was observed that pores are mostly 
occupied by MG dye leaving almost no pores behind 
on the surface. An agglomerated, condensed surface 
was seen with blocked pores. SEM images were found 
to be fully conducive to ascertain the texture and 
dimensions of the SFP particles. Therefore, HRTEM 
was recorded which shows some oval-shaped geom-
etries. Figure 2c shows the HRTEM image of SFP. It 
was seen that the particle dimensions are well in the 
nanoscale range, which justifies the excellent adsorp-
tion capacity. The hexagonal nature of the particle 
texture could be identified as well.

4.1.4 � BET Surface Area Analysis

Figure  2d presents the BET plot of SFP. The BET 
surface area was obtained 181.354 m2/g, indicating 

Fig. 1   a FTIR spectra of SFP before adsorption (yellow line) and onto SFPMG, after adsorption (purple line). b XRD spectrum of 
SFP
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that the material is highly porous leading to promi-
nent and favorable adsorption of MG onto SFP sur-
face. Table  S2 represents a comparative illustration 
of the surface area of different adsorbents. After the 
adsorption of MG dye, the BET surface area was 
obtained 70.656 m2/g (Fig.  2e), confirming about a 
62% reduction in surface area. It indicates the pre-
dominant adsorption of MG dye onto the surface of 
SFP.

4.2 � Dye Adsorption Study

4.2.1 � Effect of Contact Time

The adsorption process is divided into three phases: 
rapid, slow, and dynamic equilibrium phase. The 
effect of contact time is shown in Fig. 3a. Initially, 
adsorption was found to have rapid growth, within 
10  min more than 50% of adsorption took place. 
The overall uptake process seems to be uniform, 
and it becomes slower upon increasing the time, and 
eventually, the equilibrium time was reached within 
120  min. Initially, the number of the available 

surface (vacant sites) is more on the SFP adsorbent 
outward, and dyes get adsorbed readily. With time, 
saturation of pores coupled with intermolecular 
repulsion hinders the adsorption profile. Hence, for 
all other experiments, an agitation time of 120 min 
was chosen (Sharma et  al., 2017; Sharma et  al., 
2017c;).

4.2.2 � Effect of pH

Figure 3b displays the pH effect, and Fig.  3e shows 
the estimation of pHzpc of SFP. pHzpc, as assessed by 
the drift method, was found at 6.71 pHzpc (Fig.  3e). 
At pH < 6.71, the surface of SFP was positively 
charged. At pH > 6.71, the surface of SFP is nega-
tively charged. pH variation was carried out in the 
range 3–9. At pH 3, adsorption is only 30%, and with 
increasing pH, there is a steady increase up to 90% 
at pH 8. At lower pH, the solution is enriched with 
proton, and the surface of the adsorbent (SFP) is 
positively charged. This result, between cationic dye 
(MG) and the positive surface of SFP, is the electro-
static force of repulsion, leading to lower adsorption. 

Fig. 2   SEM pictures: a SFP before adsorption MG, b SFP after adsorption of MG, c HRTEM image of SFP, d SFP and BET surface 
area, e BET surface area after MG adsorption
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In addition, there is a competitive inhibition from 
a proton-enriched environment which reduces the 
adsorption percentage. Above pH 6.71, the generation 
of a negatively charged surface facilitates cationic 
dye-binding through electrostatic attraction. How-
ever, above pH 8, no more adsorption was seen up to 
pH 9. This may be attributed to two factors. The first 
is the saturation of available active sites, while the 
other is structural changes of MG at a highly alkaline 
medium. Figure 3b confirms that pH 7 is the best for 
adsorption. This is the additional advantage of SFP, 
and it can be used in real sample analysis. It works 
well in drinking water pH and can tolerate interfer-
ence from other ions without compromising its 
actual performance (Supporting information section 
Fig. S1).

4.2.3 � Effect of Initial Dye Concentration

Concentration effects were measured by varying 
different concentrations from 10 to 100 mgL−1. 
Figure  3c shows that with an increasing concentra-
tion range from 10 to 100 mgL−1, the adsorption 

percentage decreases from 91 to 48%%. This is due 
to the difference in concentration of the dye solu-
tion diffusing to the SFP surface decreases, and also 
decreasing the driving force which is obligatory for 
mass transfer from MG dye (solution phage) to the 
solid phase (SFP). Moreover, intermolecular repul-
sion among dye molecules hinders effective binding, 
which affects the adsorption; gradually decreases 
(Sharma et al., 2016a, 2016b, 2018b, 2019).

4.2.4 � Effect of Adsorbent Doses

Figure  3d illustrates variation for adsorption with 
increasing adsorbent (SFP) dose (0.05–0.5  g). The 
percentage of adsorption increased from 79.5% to 
98.7%. This is due to the higher availability of pores. 
Above a dose of 0.25  g, adsorption turns out to be 
almost constant. The progress of the adsorption 
percentage onto SFP is for an increase in the 
approachability of active (SFP) sites on the adsorption 
of MG dye molecules (Azzaz et al., 2016, 2017, 2018). 
A similar observation was seen earlier (Irinislimane & 
Belhaneche-Bensemra, 2017).

Fig. 3   Batch experiments: a–d contact time, pH concentration, and dose–effect respectively. e pHzpc
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4.2.5 � Effect of Coexistent Ions

Common industrial wastewater/effluent invariably 
contains a mixture of many ions used in the form 
of salts, and/or binders. In some cases, heavy met-
als may also accompany dyes in such effluent. Also, 
groundwater/surface water/industrial effluent by 
nature contain ions such as chloride, phosphate, arse-
nate, nitrate, and calcium in different concentrations. 
Such ions were mixed in the simulated dye solution 
to test their relative perturbation to the adsorption 
efficiency. Concentrations of such ions were chosen 
as per the maximum permissible limit as specified 
by WHO (Shehzad et al., 2019). According to WHO, 
the permissible limits for nitrate (10  mg.L−1), chlo-
ride (200  mg.L−1), sulfate (200  mg.L−1), phosphate 
(50  mg.L−1), and arsenate (0.05  mg.L−1). Solutions 
of aforesaid strengths were prepared, and relative 
interference was investigated. Results are presented 
in Fig. S1 (Supporting information). Fig. S1 demon-
strates the individual effects of interference. It was 
found that the presence of co-existent ions decreases 
the adsorption percentage by 8–22% depending upon 
the nature of the ions.

4.3 � Adsorption Kinetics

To understand the mode of adsorption on SFP, kinet-
ics models play an important role. The mass transfer 
mechanism has a guiding role to provide insight into 
the rate of adsorption. Four kinetics models, namely, 
pseudo 1st order, 2nd order, pseudo 2nd order, and 
intra-particle kinetic models, were investigated (Son-
awane & Patil, 2018; Zain et al., 2018). At the time 
of adsorption, firstly, MG molecules drift from the 
solution onto the SFP adsorbent surface through the 
process, namely, the boundary layer followed by the 
mass transfer via internal pore diffusion. The pseudo 
2nd order kinetic model indicates the quantity of 
MG dye adsorbed on the SFP surface (Hashem et al., 
2007; Hosseinzadeh & Ramin, 2018; Pourjavadi 
et al., 2016).

(3)log
(

qe − qt
)

= logqe −

(

k1

2.303

)

⋅ t

(4)t∕qt = 1∕(k2 ⋅ qe2) + t∕qe

where qe and qt (mg.g−1) are the amounts of MG 
adsorbed at equilibrium and at different times t (min) 
respectively. The k1 (min−1), k2 (g.mg−1.min−1), kid 
(mg.g−1.min − 0.5), and kt are rate constant of the 
pseudo-first order, pseudo-second order, intra-parti-
cle diffusion, and second order respectively. C is the 
boundary layer thickness.

By plotting log (qe – qt) vs t(pseudo 1st), t/qt vs t 
(pseudo 2nd), qtvs t1/2 (intra-particle diffusion), and 
1/(qe – qt) vs t (2nd order), respective values of four 
kinetic constants were obtained (Fig. 4a–d).

The first-order model does not fit properly for 
the data obtained and could be considered only 
for the initial phase of adsorption. It was found 
that the pseudo-second-order model is the best 
fit (R2 = 0.999). This suggests that the adsorption 
involves chemisorption as a rate-determining step, 
originating from the electrostatic interaction of the 
dye and the SFP. A similar observation was found 
earlier. The intra-particle diffusion plot seems divided 
into three characteristic linear regions (Fig.  4c). A 
close inspection of the intra-particle model reveals 
that there are indeed three different slopes of three 
stages of adsorption (Supporting information, 
Fig.  S2). Initially, (0–35  min) adsorption was found 
rapid signifying that it occurs through film diffusion, 
indicating external mass transfer, which involves the 
transportation of MG dye from the bulk liquid phase 
to the solid phase of SFP. A steep upward slope 
confirms the rapid uptake of MG dye molecules onto 
the SFP surface. After that, the second curve could 
be recognized (35–90  min.) through pore diffusion, 
and the third region lies at a higher contact time 
(90–140 min), displaying continuing adsorption stage 
which is dominated by the pore diffusion (Shehzad 
et al., 2019). Selected kinetic constants are presented 
in Table 1.

4.4 � Adsorption Isotherm

The adsorption isotherm defines the interaction 
between the SFP adsorbent and MG adsorbate mol-
ecules at equilibrium. Four isotherm models, namely, 
Langmuir, Temkin Freundlich, and the D-R model, 

(5)qt = kidt
0.5 + C

(6)1∕(qe − qt) = 1∕qe + kt.t
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were chosen for the present study. Langmuir’s model 
defines monolayer and homogeneous adsorption, 
whereas Freundlich defines multilayer and heteroge-
neous adsorption (Amode et  al., 2016; Bhatti et  al., 
2020; Dey et  al., 2021). Equation  (7) indicates the 
Langmuir model (linear):

Dimensionless equilibrium/separation factor RL is 
evaluated by Eq. (8):

where Ce (mg.L−1) is the equilibrium concentra-
tion, qe (mg. g−1) is the amount of dye adsorbed per 
unit mass of the adsorbent at equilibrium, qmax (mg.
g−1) represents the maximum monolayer adsorption 
capacity per unit mass of adsorbent, and Kl is the 
Langmuir affinity constant (L.gm−1). The value of 
qmax and Kl (L.mg−1) was calculated from the slope 
and intercept (Ce vs Ce/qe) shown in Fig. 5a. Constant 
b (L. mg−1) relates to the heat of adsorption.

(7)
Ce

qe
=

1

Klqmax
+

Ce

qmax

(8)RL =
1

(1 + bC0)

Fig. 4   Kinetic studies: a–d pseudo 1st order, pseudo 2nd order, intra-particle diffusion, and 2nd-order plots, respectively

Table 1   Parameters (kinetics) for the adsorption of MG dye 
onto SFP

Kinetic model qe (mg/g) K (kinetic constants) R2

Pseudo first order 9.781 k1 = 0.057 0.841
Pseudo second order 17.129 k2 = 0.007 0.999
Second order 3.523 kt = 0.025 0.908
Intra-particle dif-

fusion
4.644 kid = 0.494 0.914
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The linear form of Freundlich equation is given by 
Eq. (9):

where Kf is the Freundlich constant related to the 
adsorption capacity of the adsorbent and n indicates 
the type of isotherm and the adsorption intensity of 
the adsorbent. When 1/n < 1, it represents a chemical 
process operating in adsorption (Mittal et al., 2018b; 
Sharma et al., 2017b; Xing et al., 2012). By plotting 
ln qe against ln Ce, respective values of Kf and n were 
calculated from the intercept and slope (Fig. 5b). The 
value of 1/n lies in the range of 1.18 to 1.327, sug-
gesting little involvement of the Freundlich model.

It is evident from Fig. 5 that the best-fit model: the 
Langmuir model with a maximum R2 = 0.999. Cor-
responding b values lie in the range 0–1 (Table  2), 

(9)lnqe =
1

n
lnCe + lnKf

suggesting a favorable adsorption process (Darwish 
et al., 2019). The adsorption capacity was found to be 
170.068 mg.g−1 at 318 K from the Langmuir model. 
The correlation coefficient (R2 = 0.999) also strongly 
supports for Langmuir model (Table 2). With increas-
ing temperature, the maximum adsorption capacity 
of MG onto SFP was found to increase from 123 to 
170 mg.g−1. This suggests that adsorption is favora-
ble at higher temperatures. The intermolecular forces 
between adsorbent and adsorbate are much stronger 
than between the solvent and adsorbate at elevated 
temperatures. As a result, increasing temperature 
causes adsorbate to get adsorbed easier and diffuse 
inside.

The Temkin model shows homogeneous multiva-
lent interactions. The Temkin model describes the 
uniform binding of adsorbate-adsorbent (Zhang et al., 
2017). The Temkin model is given in Eq. (10):

Fig. 5   Isotherm models: a Langmuir model and b Freundlich model

Table 2   Selected isotherm 
constants for the adsorption 
of MG onto SFP

Langmuir isotherm Freundlich isotherm

Tempera-
ture (K)

qmax (mg.g-1) b (L.mg-1) RL R2 Kf (mg/g)(L/
mg)1/n

n R2

288 123.267 0.082 0.549 0.993 9.328 1.327 0.951
298 144.101 0.065 0.606 0.996 7.508 1.276 0.945
308 152.439 0.044 0.694 0.997 6.639 1.221 0.937
318 170.068 0.033 0.751 0.999 5.756 1.187 0.918
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where B1 is the Temkin constant. KT is an equilib-
rium binding constant (L.gm–1), and KT and B1 can 
be obtained by plotting qe versus ln Ce, from the inter-
cept and slope (Fig. S4a, Supporting information).

Dubinin-Radushkevich (D-R) isotherm assumes 
the adsorption equilibrium for the interaction of the 
adsorbate–adsorbent onto the microspore size of the 
adsorbent (Zhang et al., 2011). Equation (12) enlight-
ens the linear form of D-R isotherm:

where qs (mol. gm–1) is the D-R constant. B is the 
mean of free energy (E, kJ.mol–1) of the adsorption 
in terms of energy (Eq. 14) per molecule. Plotting �2 
against ln qe the intercept and slope gives the value 
of qs and B, respectively (supporting information, Fig 
S4b).

Temkin and D-R model data have been presented 
in Table S3 (supporting information). From the table, 

(10)qe = B1lnKT + B1lnCe

(11)B1 = RT∕b

(12)lnqe = lnqS − B�2

(13)� = RTln(1 + (1∕Ce))

(14)E = 1∕
√

2B

it is confirmed that the adsorption of MG onto SFP 
follows Temkin at higher temperatures along with the 
Langmuir adsorption model. The corresponding cor-
relation coefficient value is 0.989.

4.5 � Adsorption Thermodynamics

The thermodynamic investigation was carried out 
to evaluate the change in free energy, enthalpy, and 
entropy that occurred during the adsorbent-adsorbate 
interaction. Gibbs free energy (ΔG) indicates the fea-
sibility of adsorption on SFP and MG interaction and 
is evaluated by the following Eqs. (15)–(17) (Sharma 
et al., 2018a):

Using the following Van’t Hoff (Eq. (16)), change 
in entropy (ΔS), and enthalpy (ΔH) can be calcu-
lated. Relevant equations are given (Eq.  (16)–(17)) 
(Fig. 6b):

where R is the universal gas constant 
(R = 8.314  J  mol–1  K–1). Van’t Hoff plot of ln K 

(15)ΔGo = −RTlnK

(16)lnK =
ΔS

R
−

ΔH

RT

(17)k =
qe

ce

Fig. 6   a Arrhenius plot (MG onto  SFP), b Van ‘t Hoff plot (MG onto SFP)
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against 1/T entropy, enthalpy, and free energy change 
was calculated from the slope and intercept.

The negative value of ΔG (~ 20 kJ.mol–1) suggests 
feasible and spontaneous adsorption. Positive values 
of ΔH indicate that the adsorption of MG onto SFP is 
endothermic, whereas the positive value of ΔS indi-
cates increased randomness at the solid and solution 
junction during the adsorption process (Table 3).

Activation energies provide an important clue 
about the nature of an adsorption process, and the 
Arrhenius equation allows the calculation of activa-
tion energies involved therein. Figure  6a presents 
the Arrhenius plot of MG onto SFP. The activation 
energy values for various concentrations (10, 20, 
40, and 60  mg.L–1) are 7.988, 10.709, 12.580, and 
16.588 kJ.mol–1, respectively. This is also consistent 
with Fig. 3c. Such values specify that the adsorption 
process lies in between physisorption and chemisorp-
tion.(Zhou et al., 2019).

4.6 � Regeneration and Reusability

An adsorption process stands economical and sus-
tainable when the spent adsorbent can be regenerated 
and reused for sufficient time and a good number of 
cycles (Dey et al., 2022; Qaiyum et al., 2022). Here, 
the dye-loaded SFP was tested for regeneration with 
three different eluents such as sodium hydroxide 
(0.1  M), sodium chloride (0.1  M), and hydrochloric 
acid (0.1  M). It was seen that the best regeneration 
was achieved with HCl (87%). This can elucidate by 
the exchange of binding sites with the MG dye mol-
ecules with H+ ions. Though a paltry regeneration 
was seen for NaOH (7%) and NaCl (11%), these are 
insignificant for further use of the material. Figure 7a 
presents the regeneration using various stripping 
solutions. Upon successful regeneration, the material 
was employed for consecutive adsorption–desorption 
cycles. It was seen that SFP can be used for up to five 

cycles (Fig. 7b) without losing significantly. Thereaf-
ter, efficiency of the adsorbent becomes insignificant. 
Such a situation creates a waste disposal problem. 
Currently, we are working on the acid-digestion-
based decomposition of dye-laden material for pro-
viding a solution for the same.

4.7 � Mechanism of Dye Adsorption onto SFP

The chemical interactions operating within the 
system influence the dye adsorption mechanism of 
the adsorbate into the adsorbent surface. Different 
functional groups (hydroxyl, alcohol, aldehyde) 
can be easily acquainted with the starch spine to 
improve the adsorption performance for metal ions 
and various dyes through some specific interactions 
such as electrostatic interaction, H-bonding, and 
chelating effects (Li et  al., 2018a). When the SFP 
adsorbent is added to the MG dye solution, the dye 
molecules get attached to the surface of the SFP 
adsorbent through the electrostatic force in between 
cationic dye (MG) and negatively charged SFP, van 
der Waal force of attraction, and pi–pi interaction 
(Fig.  S3, supporting information); SFP adsorbent 
shows some characteristic peaks in FTIR before and 
after adsorption that confirms the binding of MG with 
SFP. This is consistent with our earlier results (Dey 
et al., 2007, 2022).

4.8 � Analysis of Industrial Effluent

Simulated batch experiments become more impor-
tant and meaningful when it is extrapolated to indus-
trial effluent analysis. For this purpose, a real sample 
was collected from a nearby textile dying unit. The 
obtained sample was received as intensely colored 
along with some suspension-like appearance. It was 
centrifuged thrice for 10 min at 4000 rpm, and the 
clear solution thus obtained was first diluted with a 

Table 3   Thermodynamic 
parameters for the 
adsorption of MG onto SFP

∆G0 (kJ/mol)

C0 (mg/L) ∆H0 (kJ/mol) ∆S0

(kJ/mol.K)
288 K 298 K 308 K 318 K

10 24.563 0.161 – 21.805 – 23.415 – 25.025 – 26.635
20 17.945 0.129 – 19.207 – 20.497 – 21.787 – 23.077
40 15.797 0.121 – 19.051 – 20.261 – 21.471 – 22.681
60 14.515 0.116 – 18.893 – 20.053 – 21.213 – 22.373
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known volume of water, pH was measured, and initial 
dye concentration was measured (120 mg/L). Work-
ing pH was adjusted before the adsorption study. 
Thereafter, following the usual batch procedure, 0.5 
g SFP was added to effluent (50 mL) and shaken for 
120 min, and the residual concentration was meas-
ured (55 .mg.L−1). A concentration reduction of 
up to 55% was achieved. From this observation, we 
can conclude that SFP can be used for the treatment 
of industrial effluent. When 1 g SFP was used, 81% 
removal was noted. No more increase was found even 
doubling the adsorbent amount. It is noteworthy that 
field effluent may invariably contain other ions which 
may have partially suppressed the removal beyond 
81%.

4.9 � Cost Evaluation

We reported the scavenging of malachite green using 
different low-cost adsorbents such as activated coco-
nut fiber, coco peat, de-waxed honeycomb, eucalyptus 
leaves, metal oxides nanoparticles, binary and ternary 
metal oxide, and metal composites prepared. Each of 
them has its advantages. The preparation of the SFP 
endeavored to minimize the preparation cost so that the 
prepared SFP could be commercialized subsequently 
for field application.

SFP synthesis accounts cost of INR 250.00 only 
(equivalent to USD 3.06). The material can be reused 
after regeneration. Costs of the used materials are as 
follows: APS 5.72 RS/g, strach 2.88 RS/g, pyrolusite 
1.94 RS/g, and SDS 12.67 RS/g.

4.10 � Comparisons of SFP with Other Adsorbents

To assess the real-time performance of a newly syn-
thesized material, it is important to compare its effi-
ciency with the relevant materials reported earlier. 
Table 4 summarizes the adsorption efficiency of SFP 
with other starch-based adsorbents. It was found that 
barring a few, the present material is superior to the 
others in terms of adsorption capacity.

5 � Conclusions

A starch-fabricated pyrolusite composite was synthe-
sized by the grafting-copolymerization method using 
pyrolusite in the presence of ammonium persulfate 
and sodium dodecyl sulfate. The material was isolated 
in good yield as a water-stable adsorbent and excel-
lent adsorption of MG dye was achieved under ambi-
ent conditions. The adsorbent shows oval-shaped and 
porous surface morphology. The maximum adsorption 

Fig. 7   a Regeneration of SFP using various stripping solutions. b Efficiency estimation in continuous adsorption–desorption cycles 
(five cycles)
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capacity was 170.068 mg.g−1, which is far better than 
raw pyrolusite (33.567 mg.g−1). The adsorption follows 
pseudo-second-order along with intra-particle diffusion 
kinetics. Langmuir isotherm model is following of the 
adsorption of MG onto SFP. The process is feasible and 
spontaneous evident from thermodynamic data. Simple 
regeneration empowers multi-cycle use without signifi-
cant loss of activity. Industrial effluent was tested for 
real-time efficiency check and found promising. It can 
be concluded that the starch-grafted pyrolusite compos-
ite can be an ideal choice for dye removal from water.
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