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a b s t r a c t
In order to study the adsorption effect of peanut shell on dye in industrial wastewater, the dye 
Rhodamine B was used as the research object and the peanut shell was modified. After modifica-
tion, the best adsorption effect is potassium permanganate modified materials. The factors affect-
ing the adsorption of Rhodamine B on peanut shell, such as pH value, initial concentration of dye, 
amount of adsorbent, contact time, adsorption temperature and ionic strength, were investigated. 
The best adsorption conditions of peanut shell for Rhodamine B were obtained. The adsorption 
thermodynamic equation, adsorption kinetic equation and the sorption isotherms were determined. 
The results showed that the adsorption process satisfied Freundlich isothermal adsorption equation 
and the adsorption process was spontaneous and exothermic. The adsorption of Rhodamine B on 
peanut shell accorded with the pseudo-second-order adsorption kinetics.
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1. Introduction

Dye has toxicity and affects the animals in the water. 
Perhaps it may lead to mutations or deformities in the 
water organisms, or even cancer. Human kidney function 
may therefore be thus disrupted, reproductive and liver 
functions are thus affected, and dye pollution can still dam-
age the brain and nervous system [1–3]. Rhodamine B (RB, 
C27H34N2O4S) is an alkaline dye (Table 1). Its wastewater has 
deep color, large biotoxicity, difficult biodegradation. The 
dye is highly resistant to photohydrolysis and the anti-oxi-
dation is strong. Rhodamine B is a well-known water tracer 
fluorescent and has been widely used as a colorant in tex-
tiles and food stuffs. It is harmful to the respiratory tract, 
skin and eyes. It also has the carcinogenicity, reproductive 
and developmental toxicity, neurotoxicity and chronic tox-
icity towards humans and animals [4,5]. Dye wastewater 
is usually treated with physical, chemical treatment, or 
bioremediation techniques. These include physicochemical 

methods, membrane filtration, electrocoagulation, electro-
chemical destruction, ion exchange, irradiation, precipita-
tion, and smelly oxidation. However, these techniques are 
generally ineffective for color removal, costly, or produce 
disadvantages such as secondary pollution, and are barely 
adaptable to a wide range of dye wastewater. Adsorption 
is the most effective in advanced wastewater treatment, 
and industry uses adsorption to reduce the harmful pollut-
ants existing in the wastewater. Adsorption is an efficient, 
renewable, and environmentally friendly method [6–10]. 
Adsorption is an effective way found to remove color from 
dye wastewater. At the present stage, adsorption method is 
mainly applied to the treatment of wastewater containing 
heavy metal ions, dyes, phosphorus, phenol, antibiotics, 
but because commercial adsorbent cannot well adapt to the 
huge market, the problem of developing new, highly effi-
cient and high-quality adsorbent is urgent to be solved [11–
17]. Methylene blue [18], crystal violet [19–22], titan yellow 
[23], tropaeoline 000 [24], chrysoidine R [25], eosin Y [26], 
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Cd2+ [27,28], Cr(VI) [28], Pb2+, Cu2+, Ni2+ [29] have been stud-
ied by adsorption method. Activated carbon adsorption 
is an effective decolor method, but high price, desorption 
regeneration is difficult, difficult to promote and use. Many 
studies have been carried out to find low-cost absorbers 
including peat, bentonite, steel mill slag, ashes, porcelain 
soil, corn cobs, plannings and silica [2]. Lignin cellulose 
biomass is an effective adsorbent that acts as good. Using 
different physical or chemical treatments can improve the 
adsorption capacity of these biomass adsorbents. The focus 
of the current research is the need to replace commercial 
activated carbon as a cost-effective but potential adsor-
bent. Many researchers have reported the feasibility of 
using a variety of low-cost adsorbent from natural mate-
rials, industrial solid waste, agricultural by-products and 
biological adsorbent as a precursor [2,14].

China is the world’s largest producer of peanut. Peanut 
shells are abundant but low utilization and are only com-
monly used as animal feed. Peanut shell is a common agri-
cultural and forestry solid waste. Peanuts contain cellulose, 
lignin and semifiber up to 44.15%, 32.60% and 3.76%, with 
adsorption performance. Also, through appropriate sur-
face chemical modification, its adsorption performance is 
improved. Peanut shell has the advantages of rich resources, 
cheap price and excellent adsorption performance. Peanut 
shell has high porosity, large surface area, more adsorption 
function group, and is an efficient adsorbent. Using peanut 
shell as an adsorbent has gradually become the hot topic of 
heavy metal pollution treatment [3,6]. Certain synthesis of 
new materials used to remove Rhodamine B requires some 
cost [2,13].

RB was used as a model in this paper and modified 
with potassium permanganate as an adsorbent to carry out 
adsorption study. The influence of various experimental 
conditions on dye adsorption in water was investigated, 
and the thermodynamics, dynamics and isotherms of 
adsorption of RB were investigated, so that the peanut shell 
can be applied to dye treatment in industrial wastewater. 
No reports on potassium permanganate modified peanut 
shell material used for RB adsorption are  seen.

2. Experimental set-up

2.1. Reagent and material

Adsorbate: RB (C27H34N2O4S), was purchased from 
Suzhou Qihang Biotechnology Science and Technology Co., 
Ltd., China. Adsorbent: peanut shell was sold by market and 
purchased from shopping mall in Changchun University of 
Science and Technology, China. Potassium permanganate, 
was purchased from Jinan Huijing Chuanshang Trading Co., 
Ltd., China. All reagents of phosphoric acid, boric acid, acetic 
acid, sodium hydroxide, hydrochloric acid, sodium chloride 
and calcium chloride were purchased from Beijing Chemical 
Plant, China. pH = 4.0 tri-acid (phosphoric acid + boric 
acid + acetic acid)-sodium hydroxide buffer: 24.5 mL 
0.20 mol/L sodium hydroxide solution was added to 100 mL 
tri-acid (phosphoric acid, acetic acid, boric acid concentration 
was 0.04 mol/L). The reagent purity was analytical purity. 
The experimental water was deionized water. The experi-
mental results were an average of 3 parallel measurements.

2.2. Characterization technique

The RB content was determined by spectrophotometry on 
a 722S spectrophotometer (Shanghai Lengguang Technology 
Co., Ltd., China). The spectral diagram of the X-ray dif-
fraction (XRD) of sample was determined on a D5005 XRD 
instrument to obtain crystal phase structure and periodic 
arrangement characteristics of the sample. Cu-Kα target, 
λ = 1.5418 A, operating voltage (tube voltage) 30 kV, operating 
current (tube current) 20 mA was used with a scanning range 
of 10°~80°, a step length of 0.2°. Scanning electron micros-
copy (SEM) photos were measured using Dutch Philips 
XL30 type field emission scanning electron microscope to 
observe the particle size and morphology of the sample with 
an operating voltage of 20 kV. The sample was prepared by 
ethanol. The sample dropped on the slide for conductive 
layer treatment. Infrared spectroscopy was recorded on a 
Nicolet 5DX-FTIR spectrometer (Mike Company, USA) with 
KBr tablet and a measured range of 400–4,000 cm–1.

2.3. Experimental method

2.3.1. Determination of working curve for RB

In 25 mL measuring flask, 1, 2, 4, 6, 8 and 10 µg/mL 
RB solution was prepared respectively. At the maximum 
absorption wavelength of 538 nm, the absorbance of dif-
ferent contents of the RB solution was determined using 
water as blank and the working curve for the determina-
tion of RB was drawn with these data.

2.3.2. Modification of peanut shell

0.2 g peanut shell was boiled with 100 mL water for 
decoloration 3 times. After the decolourization was complete, 

Table 1
Rhodamine B dye information

Dye name Rhodamine B

Dye index number 81-88-9
Empirical molecular 
formula

C28H31ClN2O3

Molecular weight 479.01
Dye content 99%
λmax (nm, experimentally 
measured)

538 nm

Melting point 210°C–211°C
Solubility 89 mg/mL
Density 0.79 g/cm3

Supplier Shanghai Reagent Factory No. 3 
(Shanghai, China)

Chemical structure
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1 g peanut shell was weighed and added to an autoclave. 
40 mL 10% (V/V) hydrochloric acid, 10% (W/V) citric acid, 
10% (W/V) sodium hydroxide, 10% (W/V) zinc chloride, 
10% (W/V) potassium permanganate, 10% (V/V) phos-
phoric acid was added and then placed to a blast loft drier. 
The reactant was activated at 120°C for 6 h. It was taken out 
and after the reactor was completely cooled to room tem-
perature the reactant was filtered. 100 mL water was used 
to wash 3 times. After the product was stovinged at 60°C 
for 2 h, it was ground and went through 60 mesh (300 nm) 
standard sieve and placed in a dryer for standby.

2.3.3. Preparation of potassium permanganate-activated 
peanut shell

1.0 g of dry peanut shell was added to an autoclave 
and 40 mL solution of 10% (W/W) KMnO4 was placed in 
the reactor. The oven temperature was adjusted to 120°C. 
After reaching the setting value, the reactor was put in the 
oven and the reactant was activated 120°C for 6 h. After 
the reactor was taken at rest, the temperature dropped 
to room temperature and the reactor was opened. The 
KMnO4 activated peanut shell was taken out and water 
was added for sucking filtration. 100 mL water was used 
to wash 3 times until the solution became colorless. The 
activated peanut shell was put into a blast loft drier, the 
temperature was adjusted to be 60°C and the product was 
dried for 2 h. The dried modified peanut shell was ground 
in a mortar and sifted by a 60 mesh (300 nm) screen mesh, 
and the powder was placed in a dryer for standby.

2.3.4. Optimum condition for adsorption RB by peanut shell

Effect of the conditional experiment: 10 mL RB solution 
of 10 µg/mL (Values in parenthesis are experiment of con-
dition, 6–40 µg/mL, the same as below) was added, and 
respectively placed in 100 mL conical flask. Tri-acid (H3PO4-
HAc-H3BO3)-NaOH buffer solution was respectively used 
to adjust pH = 4.0 (0–6, pH = 0 system was controlled and 
regulated by 1 mol/L hydrochloric acid solution medium) 
and the system was maintained to be 20 mL. 0.2 g (0.1–1.0 g) 
unmodified peanut shell and KMnO4 modified peanut shell 
was added. The mixture was stirred for 110 min (unmodi-
fied material, the same below) (20–130 min) and 100 min 
(modified material, the same below) (20–130 min) at room 
temperature (25°C ± 1°C) (25°C–55°C). The resulting sam-
ple was poured into a centrifugal tube. After it was sep-
arated for 10 min at 6,000 rpm by centrifugation and the 
centrifugal tube was taken out, the concentration of RB in 
the supernatant was determined according to the determi-
nation method for above-mentioned RB working curve, and 
the adsorption ratio and capacity were calculated, so as to 
obtain the best parameter value of adsorption.

2.3.4.1. Effect of ion strength on adsorption

Eight portions of the RB standard solution of 10 µg/
mL was taken, and they were respectively added to 100 mL 
conical flask. 10 mL pH = 4.0 tri-acid (H3PO4-HAc-H3BO3)-
NaOH buffer solution was used to adjust the acidity of 
solution. Calcium chloride or sodium chloride were added 

to the solution with a final concentration of 1 and 0.1 mol/L, 
respectively. The following experimental operation is the 
same as the “conditional experimental influence”. The effect 
of the ion strength on the adsorption effect was obtained 
by comparison.

The relevant calculation formula is as follows:

Adsorption ratio R
C C
C

e�
�

�0

0

100%  (1)

Equilibrium adsorption capacity q C C V
We e� �� ��0  (2)

where R is adsorption ratio (%), C0 and Ce are initial con-
centration and upper supernatant concentration of RB at 
equilibrium (µg/mL), qe is equilibrium adsorption capac-
ity (µg/g), V is volume of reaction system (mL), and W is 
adsorbent weight (g).

2.3.5. Desorption study

0.2 g unmodified waste peanut shell and KMnO4 mod-
ified peanut shell were respectively weighed and respec-
tively placed to 100 mL conical flask. 10 mL RB solution 
of 10 µg/mL was added to each conical flask and 10 mL 
pH = 4.0 tri-acid-NaOH buffer solution was added, respec-
tively. After the mixture was stirred for 110, 100 min at room 
temperature by magnetic force, respectively, the resulting 
sample was added into a centrifugal tube. It was separated 
for 10 min at 6,000 rpm by centrifugation, the sample for 
the study of desorption was prepared. 20 mL 0.1 moL/L 
NaOH, 0.1 moL/L HC1 was respectively added to the pre-
pared sample, and magnetically stirred for 30, 60, 100, 
120 min at room temperature. After it was separated for 
10 min at 6,000 rpm by centrifugation, the upper superna-
tant was taken and poured into a cell and measured with 
a spectrophotometer to measure its absorbance. The con-
centration of RB in the upper supernatant was calculated. 
The desorption ratio was calculated.

2.3.6. Kinetic experiments of adsorption

The kinetic properties of the adsorption of RB by post 
potassium permanganate-modified peanut shell were stud-
ied in the experiment. 10 mL RB solution of 10, 20, 24, and 
30 µg/mL was taken and added to 100 mL conical flask. 
10 mL pH = 4.0 tri-acid (H3PO4-HAc-H3BO3)-NaOH buf-
fer solution was used to adjust the acidity of solution. 0.2 g 
KMnO4 modified peanut shell was added, respectively. After 
the mixture was stirred for some time at room temperature 
by magnetic force, respectively, the resulting sample was 
added into a centrifugal tube. It was separated for 10 min 
at 6,000 rpm by centrifugation. The centrifugal tube was 
taken out and the upper supernatant was retained, the con-
centration of RB in the supernatant was determined accord-
ing to the determination method for above-mentioned RB 
working curve, and the adsorption ratio and capacity were 
calculated, so as to study the adsorption mechanism. This 
analysis was performed using simplified quasi-first-order 
and quasi-second-order dynamical models.



215Q.-Z. Zhai / Desalination and Water Treatment 303 (2023) 212–223

2.3.7. Adsorption isothermal experiment

The adsorption isothermal properties of RB by post 
potassium permanganate-modified peanut shell were stud-
ied in the experiment. 10 mL RB solution of 5, 10, 20, and 
30 µg/mL was taken and added to 100 mL conical flask. 
10 mL pH = 4.0 tri-acid (H3PO4-HAc-H3BO3)-NaOH buf-
fer solution was used to adjust the acidity of solution. 0.2 g 
KMnO4 modified peanut shell was added, respectively. 
For each concentration sample, the mixture was stirred for 
certain time at the temperature 298.15, 308.15, 318.15, and 
328.15 K. The resulting mixed solution was poured into a 
centrifuge tube. It was separated for 10 min at 6,000 rpm by 
centrifugation. The centrifugal tube was taken out and the 
upper supernatant was retained, the concentration of RB in 
the supernatant was determined according to the determi-
nation method for above-mentioned RB working curve, and 
the adsorption isotherm was prepared.

2.3.8. Adsorption thermodynamic experiment

The thermodynamic properties of the adsorption of RB 
by post potassium permanganate-modified peanut shell 
were studied in the experiment. Four portions of 10 mL 
RB solution of 10 µg/mL were taken and added to 100 mL 
conical flask. 10 mL pH = 4.0 tri-acid (H3PO4-HAc-H3BO3)-
NaOH buffer solution was used to adjust the acidity of 
solution. Four portions of 0.2 g KMnO4 modified peanut 
shell were added, respectively, to the above-mentioned RB. 
The mixture was stirred for certain time at the temperature 
298.15, 308.15, 318.15, and 328.15 K to reach equilibrium. The 
resulting mixed solution was poured into a centrifuge tube. 
It was separated for 10 min at 6,000 rpm by centrifugation. 
The centrifugal tube was taken out and the upper superna-
tant was retained, the concentration of RB in the supernatant 
was determined according to the determination method for 
above-mentioned RB working curve, and adsorption ther-
modynamic parameters were obtained through relevant  
calculation.

3. Results and discussion

3.1. Working curve for determination of RB

The absorbance of the RB solution of different concen-
trations was measured by a 722-type spectrophotometer. 
The results showed that the RB solution complied with 
the Lamber–Beer’s law at a concentration of 0–10 µg/mL.

The calculated linear regression equation is:

A C� �0 1039 0 0013. .  (3)

where C is the concentration (µg/mL) of RB solution and A 
is absorbance. R2 = 0.9997, and the R is a linear regression 
coefficient.

3.2. Modification of the peanut shell

The decolored peanut shell was modified by hydrochlo-
ric acid, phosphoric acid, citric acid, sodium hydroxide, zinc 
chloride and potassium permanganate respectively. The 
experimental results showed that the adsorption capacity 
of the peanut shell has been improved, among which the 

most obvious improvement is the potassium permanga-
nate modified peanut shell. Potassium permanganate was 
used to modify the decolored peanut shell in this study. The 
modified peanut shell adsorption ratio was 99.02% for RB, 
the adsorption rate was increased by 11.21% compared with 
unmodified peanut shells.

3.3. Optimization of adsorption condition

3.3.1. Impact of pH

The isoelectric point of peanut shell is 4.2–4.7 [3,6]. When 
pH is at the isoelectric point, its surface electric charges are 
zero. It is positively charged at pH less than its isoelectric 
point. It presents negative charges at pH greater than its 
isoelectric point. The effect of different pH on the adsorption 
of RB onto peanut shell was studied. Experimental results 
(Fig. 1) illustrated that the adsorption of RB is dependent 
on the pH value of solution. This is due to the solution pH 
can affect the morphological structure of hydroxyl of the 
peanut shell surface and the ionization of RB. From the 
experimental results shown in Fig. 1, the adsorption ratio 
of waste peanut shell and modified potassium permanga-
nate to RB increased with pH increases. When pH gradu-
ally increased, neutralizing H+ can reduce the competition 
action of H+, which facilitates the adsorption of peanut shell 
to RB. When pH is equal 4.0, the adsorption ratio is maxi-
mum. When the pH is greater than 4.0, the adsorption rate 
begins to decrease gradually. It can be known according to 
the figure that the potassium permanganate modified peanut 
shell’s adsorption ratio to RB is higher than the unmodified 

Fig. 1. Effect of pH on the adsorption of RB (adsorbent dos-
age 10 g/L, temperature condition 25°C ± 1°C, RB concentra-
tion = 5 µg/mL, contact time for unmodified and modified 
adsorbent 110, 100 min).
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peanut shell’s one. When the pH value is between 3 ~ 5, the 
adsorption amount is high. The adsorption amount is low 
when the pH values are higher or lower. The possible reason 
may have two: The first is that under over-acid or over-alkali 
conditions, RB molecules react with acid or alkali, resulting 
in the reduce of RB molecule. The second is that under low 
pH condition the group in the peanut shell preferentially 
binds to H+ from solution to form a positive electric active 
center, and H+ further complexes with the lone-pair electrons 
on O atoms, hindering the positive charged RB cation and 
its combination, so the adsorption amount of RB molecule  
decreases.

3.3.2. Impact of contact time

The effect of contact time on peanut shell adsorption 
is shown in Fig. 2. The adsorption capacity of potassium 
permanganate modified peanut shell for RB continuously 
increased within 0–100 min. After the contact time was 
100 min, the adsorption capacity remained unchanged, 
which shows that the adsorption system reached the final 
equilibrium period at 100 min. The unmodified peanut shell 
adsorption system reached equilibrium at 110 min. In the 
figure, we can find that for the potassium permanganate 
modified peanut shell the adsorption capacity gradually 
increased within 0–100 min, with the extended contact time 
with RB. The adsorption capacity did not change basically, 
increasing contact time more than 100 min. For the unmodi-
fied peanut shell, increasing contact time extension with RB 

within 0–110 min, the adsorption capacity was gradually 
increased. After increasing the contact time over 110 min, the 
adsorption efficiency remained unchanged and the adsorp-
tion reached equilibrium. For its reasons, because the peanut 
shell contains a large number of available sites at the contact 
of the RB, the repulsion force between the adsorbate on the 
peanut shell surface and the solute molecules in the water 
phase gradually increases with increase in the contact time, 
and the remaining adsorbable sites decrease, making the 
remaining adsorption sites on the peanut shell difficult to be 
used by the RB.

3.3.3. Effects of temperature

It is seen from Fig. 3 that the relationship between tem-
perature and the adsorption quantity or adsorption ratio of 
RB. The adsorption ratio and adsorption amount of RB onto 
peanut shell slowly decreased with the increase of tempera-
ture and this has two possible reasons. The first is because 
when the temperature rises, the movement of RB in the 
solution is more active, and the RB, existing in the form of 
peanut shell aperture, thus spreads again, and the adsorp-
tion capacity and adsorption ratio of RB are reduced. The 
second is owing to that heating causes the swelling effect of 
the fibers inside the peanut shell. The adsorption efficiency 
decreases with the increase in temperature. The adsorption 
process is an exothermal process.

3.3.4. Effect of adsorbent dosage

From Fig. 4, it can be seen that the results of the effect 
of adsorbent dosage amount on the effect of RB adsorption 

Fig. 2. Effect of contact time on the adsorption of RB (adsorbent 
dosage = 10 g/L, temperature condition 25°C ± 1°C, pH = 4.0, 
RB concentration = 5 µg/mL).

 

Fig. 3. Effect of temperature on the adsorption of RB (adsorbent 
dosage = 10 g/L, 25°C ± 1°C, pH = 4.0, RB concentration = 5 µg/
mL, contact time for unmodified and modified adsorbent 110, 
100 min).
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onto peanut shell are seen. When the adsorbent dosage is less 
than 10 g/L, the adsorption ratio and adsorption capacity of 
potassium permanganate modified peanut shell constantly 
increase with the increase of adsorbent dosage. When the 

dosage of adsorbent is 10 g/L, the adsorption effect is the 
best. After more than 10 g/L, the adsorption effect is gradu-
ally reduced. For unmodified peanut shells, the adsorption 
law is the same as that of modified adsorption system.

3.3.5. Effect of initial dye concentration and contact time 
on adsorption of RB

From Fig. 5, the effect of the initial concentration of 
RB on its adsorption effect can be seen. When the adsor-
bent dosage is less than 5 µg/mL, the adsorption ratio and 
adsorption capacity increase as the initial concentration of 
RB increases. The adsorption is the best at 5 µg/mL. After 
that, the adsorption effect gradually decreases. The adsorp-
tion laws of unmodified peanut shell and modified peanut 
shell adsorption system are the same. Fig. 6 shows the rela-
tionship between the different initial concentrations of the 
dye and the contact time, which shows that the adsorption 
equilibrium time extends as the adsorption concentration  
increases.

3.3.6. Effect of ionic strength on adsorption of RB

Since salinity ions often exist in organic or dyeing waste-
water, the effect of presnce of commonly seen salinity ion Na+ 
and Ca2+ in solution on the adsorption of RB were studied in 
the experiment. At the initial concentration 5 µg/mL of RB, the 
adsorption was affected by the presence of both ions, reduc-
ing the adsorption ratio of RB. The effect degree of Ca2+ is 
stronger than Na+. The effect results of different salinity ion 
on adsorption are different, and high-valent state and high 
concentration ion have an inhibitory effect on adsorption. 
Change of the adsorption rate of RB is within 10% for 2 salin-
ity ions in the range of experimental concentration, so base on 
this we can know that the degree of RB adsorbed by peanut 
shell is still very high when the salinity is not very high.

3.4. Desorption results

The results of RB desorption experiment (Fig. 7) show 
that the desorption effect is good using NaOH compared 

Fig. 4. Effect of sorbent dosage on the adsorption of RB (adsor-
bent dosage 10 g/L, 25°C ± 1°C, pH = 4.0, RB concentration = 5 µg/
mL, contact time for unmodified and modified adsorbent 110, 
100 min).

 

Fig. 5. Effect of initial dye concentration on RB adsorption 
(adsorbent dosage 10 g/L, 25°C ± 1°C, pH = 4.0, temperature 
100°C, contact time for unmodified and modified adsorbent 110, 
100 min).

 

Fig. 6. Relationship between the concentration of differ-
ent initial dye and contact time (waste peanut adsorbent 
dosage = 10 g/L, temperature condition 25°C ± 1°C, pH = 4.0).
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with HCl and NaOH. At 2 h, the corresponding maximum 
desorption ratio was 90.3% using the NaOH, while the max-
imum desorption ratio was 55.3% using hydrochloric acid.

3.5. Property of adsorption system

The experiment studied the kinetic properties, isother-
mal properties and thermodynamic properties of RB by 
potassium permanganate modified peanut shell.

3.5.1. Adsorption kinetics

Quasi-first-order kinetic model [30–33]:

log logq q q k te t e�� � � � 1  (4)

where qe represents the adsorption amount (µg/g) of RB 
when realizing adsorption equilibrium, while qt represents 
the adsorption amount (µg/g) possessed by RB at t min, k1 
(min–1) represents a quasi-first-order kinetic rate constant, 
and t is the adsorption contact time (min).

Quasi-second-order kinetic model [34–37]:

t
q k q

t
qt e e

� �
1

2
2  (5)

where t is the adsorption contact time (min), k2 (g/mg·min) is 
a quasi-second-order kinetic rate constant, qt represents the 
adsorption amount (µg/g) of RB at the t min, while qe rep-
resents the adsorption amount (µg/g) of RB when adsorp-
tion equilibrium is realized.

The adsorption kinetic experiment is composed of 
contact time experiment of RB solutions with four differ-
ent initial concentrations of 5, 10, 12 and 15 µg/mL. The 
experimental results are linearly fitted with the quasi-first- 
order kinetic equation and the quasi-second-order kinetic 
equation. As you can  see from Fig. 8, the deviation of fit-
ting the data with the quasi-first-order kinetic equation is 
relatively large. The experimental results are linearly fitted 

with the quasi-second-order kinetic equation (Fig. 9), and it 
is seen that the correlation coefficients R2

2 of the fitted lin-
ear equations are all above 0.99. Table 2 gives the quasi-first- 
order and quasi-second-order kinetic equation data, and 
the equilibrium adsorption amount and measurement val-
ues of each concentration are not very different for the qua-
si-second-order system, so the adsorption system is more 
in line with the quasi-second-order kinetic equation.

3.5.2. Isotherm of adsorption

This paper carried out analysis using a linear adsorption 
isothermal model, including the Langmuir and Freundlich 
thermodynamic adsorption models.

Langmuir adsorption isothermal formula [38–42]:

C
q Q b Q

Ce

e
e� �

�

�
��

�

�
��

1 1

0 0

 (6)

 

Fig. 7. Desorption of composites by NaOH (-■-potassium per-
manganate modified peanut shell, -●-unmodified peanut shell, 
desorption agent is 0.1 mol/L NaOH).

Fig. 8. Pseudo-first-order dynamics (adsorbent dosage: 10 g/L, 
25°C ± 1°C, pH = 4.0).

 

Fig. 9. Pseudo-second-order dynamics (adsorbent dosage: 10 g/L, 
25°C ± 1°C, pH = 4.0).



219Q.-Z. Zhai / Desalination and Water Treatment 303 (2023) 212–223

where Ce (µg/mL) is the concentration of RB in superna-
tant at equilibrium, qe (µg/g) is the equilibrium adsorption 
amount of RB, Q0 (µg/g) is theoretical maximum monolayer 
adsorption capacity, b (mL/µg) is Langmuir constant and 
it is related with adsorption ability and adsorption rate.

Freundlich adsorption isothermal formula [43–45]:

ln ln lnq K
n

Ce F e� �
1  (7)

where Ce (µg/mL) is the concentration of RB in supernatant at 
equilibrium, qe (µg/g) is the equilibrium adsorption amount 
of RB, KF and n are Freundlich constants where KF indicates 
adsorption degree and 1/n indicates adsorption strength 
and generally less than 1.

The adsorption isothermal experiment is composed 
of temperature tests of four different RB solutions with 
5, 10, 12, and 15 µg/mL. Fig. 10 shows the linear fitting of 
experimental results using Langmuir adsorption isotherm. 
Fig. 11 shows the linear fitting of experimental results using 
Freundlich adsorption, and the Langmuir and Freundlich 
adsorption isothermal data are shown in Table 3. Compared 
with Figs. 10 and 11, it can be concluded that after the exper-
imental data is fitted the correlation coefficient of Freundlich 
adsorption isotherm is greater than 0.99, so the adsorption 
process can be better expressed by Freundlich adsorption  
isotherm.

3.5.3. Thermodynamics of adsorption

The ΔG°, ΔH°, ΔS° during adsorption is derived from 
the following formula [46,47]:

K
q
Cd
e

e

=  (8)

lnK S
R

H
RTd �

�
�
�  (9)

� � � � � � � �G H T S  (10)

where Kd is the temperature-dependent adsorption equilib-
rium constant, qe (µg/g) is the equilibrium adsorption amount 
of RB, Ce (µg/mL) is the concentration of RB in supernatant 
at equilibrium, ΔS° is the adsorption entropy variation 
value [J/(mol·K)], R is the ideal gas constant (8.314 J/mol·K), 
ΔH° is the enthalpy variation value (kJ/mol) of the adsorp-
tion process, T is absolute temperature (K), ΔG° is the free 
energy variation value of the adsorption process (kJ/mol).

The results of the adsorption thermodynamic parameters 
studied and obtained in this article are listed in Table 4. It 
can be seen that all ΔG° is less than 0, so the reaction taking 
place in the adsorption process is spontaneous reaction. It is 
generally thought that the reaction taking place during 0 to 
–20 kJ/mol of ΔG° is physical adsorption reaction, the reac-
tion taking place during –20 to –80 kJ/mol of ΔG° is physical 
chemical adsorption, the reaction taking place during –80 to 

Table 2
Kinetic parameters of adsorption of RB by peanut shell

Concen-
tration 
(µg/mL)

Measured 
adsorption 
capacity (mg/g)

Pseudo-first-order adsorption kinetic equation Pseudo-second-order adsorption kinetic equation

k1 (min–1) qe (mg/g) R1
2 qe (mg/g) k2 (g/mg·min) R2

2

5 0.4901 ± 0.002 0.019 ± 0.001 0.5219 ± 0.0011 0.9643 0.4878 ± 0.003 2.849 ± 0.005 0.9991
10 0.9493 ± 0.004 0.091 ± 0.003 0.6427 ± 0.0015 0.9472 0.9501 ± 0.004 3.764 ± 0.003 0.9912
12 1.4990 ± 0.003 0.052 ± 0.001 0.7014 ± 0.0013 0.9681 1.5012 ± 0.002 6.237 ± 0.001 0.9963
15 2.4911 ± 0.001 0.021 ± 0.002 0.7418 ± 0.0012 0.9630 2.4719 ± 0.001 4.623 ± 0.002 0.9944

 

Fig. 10. Langmuir adsorption isotherm (adsorbent dosage 10 g/L, 
pH = 4.0, adsorption time 100 min).

 

Fig. 11. Freundlich adsorption isotherm (adsorbent dosage 
10 g/L, pH = 4.0, adsorption time 100 min).
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–400 kJ/mol of ΔG° is chemical adsorption [48]. Therefore, 
the adsorption of potassium permanganate modified pea-
nut shell to RB should be physical chemical adsorption. 
From Table 4, it can be known that the adsorption enthalpy 
change ΔH° is negative, indicating that the adsorption pro-
cess is an exothermic reaction, which also confirms that the 
adsorption effect of RB decreases with the increase of tem-
perature. The Gibbs free energy changes at 3 temperatures 
are all less than zero, and the higher the temperature, the 
smaller the ΔG°. This reveals that the adsorption process of 
RB by adsorbent is spontaneous and the higher the tempera-
ture, the greater the spontaneous degree. The size of its value 
also reflects the size of the driving force of the adsorption 
process. The greater the absolute value of ΔG°, the greater 
the adsorption driving force. The experimental data show 
that when the temperature is higher, the adsorption driving 
force is higher. ΔS° is negative value, which shows that the 

degree of freedom of the adsorbate also increases and that 
the adsorption is an entropy driven process.

3.6. Characterization of material

Scanning electric microscopic images can reflect the char-
acteristics of the surface of the sample (Fig. 12). The aperture 
structure of the peanut shell is the main site combining the 
peanut shell and RB. After adsorption, a large number of 
RB was observed in the electric microscopic images, indi-
cating that the adsorption effect is very good. According to 
infrared spectra (Fig. 13), we can compare untreated peanut 
shell, decolored and unmodified peanut shell, potassium per-
manganate modified peanut shell, unmodified peanut shell 
adsorption RB, we may reach the following conclusion that 
after the potassium permanganate modified peanut shell 
and adsorption RB, the original structure of peanut shell 
was still retained. Powder X-ray diffraction analysis results 
show that the characteristic diffraction peak is shown as 
Fig. 14. Compared with the untreated peanut shell, boiled but 
unmodified peanut shell, we can see that the main characteris-
tic peak disappeared after boiling, indicating that its structure 
was destroyed. Compared with the boiled but unmodified 
peanut shell, potassium permanganate modified peanut shell, 
unmodified peanut shell adsorption RB, it can be seen that 
the characteristic peak strength has decreased but the posi-
tion is unchanged, which shows that the peanut shell struc-
ture has not been changed and the order degree is reduced.

Table 3
Relevant parameters of adsorption isotherm

T (K) Langmuir adsorption isotherm Freundlich adsorption isotherm

Q0 (mg/g) b R KF (L/g)(1–1/n) 1/n R

298.15 0.6601 62.05 0.9798 517.3 0.0187 0.9991
308.15 0.3812 36.26 0.9698 541.2 0.0420 0.9998
318.15 0.3761 46.76 0.9584 569.2 0.0734 0.9990
328.15 0.4873 67.66 0.9852 555.3 0.0704 0.9993

 

Fig. 12. Scanning electric microscopic diagram.

Table 4
Adsorption thermodynamic parameters

T (K) ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (J/mol·K)

298.15 –30.68

–62.48 –1.379
308.15 –32.57
318.15 –35.68
328.15 –36.72
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Compared with acid and organic modified halloysite 
[49] and amorphous titanium dioxide powder [50] RB adsor-
bents, this system has higher adsorption capacity of RB 
and potential application value.

3.7. Study of practicability of method

In order to verify the practicability of the method, we 
adsorbed the wastewater containing Rhodamine B dis-
charged from a factory (a factory in Changchun City, China) 
according to the experimental method, and achieved good 
results. The original sample contained 10 µg/mL Rhodamine 
B, and after the adsorption of Rhodamine B according to 
this method, its content decreased to 3.2 ng/mL. It can be 
seen that this method has a good adsorption capacity of 
Rhodamine B and has a good potential application value of 
adsorption Rhodamine B. The price of reagents used in this 
study are very cheap. Carrying out one adsorption experi-
ment consumes about 0.37 Chinese yuan (0.05 $).

4. Conclusions

With a goal of peanut shell as a new biological adsor-
bent, modification by potassium permanganate, the opti-
mum adsorption conditions of RB by these two materials, 
thermodynamics, isothermal properties and thermodynamic 

properties were studied in this paper. The conclusions 
found are as follows:

• Under the optimized adsorption conditions, the adsorp-
tion rate of the modified peanut shell was increased by 
11.21%, its adsorption capacity is 495.1 µg/g, and the 
adsorption rate is 99.02%.

• The thermodynamic parameter ΔG° < 0, adsorption 
enthalpy change ΔH° = –62.481 kJ/mol, and adsorption 
change ΔS° = –1.379 J/(mol·K), adsorption process is a 
spontaneous exothermal entropy reduction process.

• RB adsorbed by peanut shell is in accord with qua-
si-second-order dynamics. The adsorption of RB by the 
modified peanut shell conforms to the Freundlich iso-
thermal adsorption equation.
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