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Abstract A peanut shell-derived oxidized activated
carbon (OAC) with high surface area was prepared by
zinc chloride (ZnCl2) chemical activation and subse-
quent nitric acid oxidation. OAC was characterized by
scanning electron microscope (SEM), Fourier transform
infrared spectroscopy (FT-IR), and N2 adsorption-de-
sorption. The results showed that OAC had the surface
area of 1807 m2 g−1, with the total pore volume of
0.725 cm3 g−1 and average pore diameter of 3.8 nm.
More importantly, when OAC acted as an adsorbent, it
exhibited high efficiency to remove basic blue 41 (BB-
41), congo red (CR), phenol, Cr(VI), and Pb(II) from
aqueous solution due to its universality in adsorption.
Batch adsorption experiments were carried out to study
the effect of various parameters such as pH, initial
concentration, temperature, and contact time. Also, the
isotherms, kinetic models, and thermodynamics of ad-
sorption process were investigated. The equilibrium
data for CR and Pb(II) were fitted to Langmuir isotherm
model, while Freundlich model was suitable for the
equilibrium isotherm of BB-41, phenol, and Cr(VI),
respectively. As the result indicated, peanut shell was a

suitable rawmaterial to synthesize OACwhich could be
employed as an efficient and universal adsorbent for
removing organic pollutants and heavy metal ions from
wastewater.
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1 Introduction

In recent years, the incomplete removal of toxic pollut-
ants in wastewater has led to a series of environmental
problems in many industries. Especially, the wastewater
contains concentrated organic pollutants, and heavy
metal ions present a significant threat to human health
because of the toxicity, accumulation, and persistence in
nature. Many different approaches, including chemical
precipitation, membrane separation, ion exchange, and
adsorption strategies have been used for the treatment of
industrial effluents (Bonvin et al. 2015). Among these
methods, the adsorption technique is regarded as the
most promising one for removing different types of
pollutions. A large number of materials have been used
as adsorbents for the removal of toxic pollutants from
aqueous solutions, such as zeolites (Piccini et al. 2015),
graphene oxide, carbon nanotubes (Li et al. 2013),
imprinted polymer (Liu et al. 2014; Liu et al. 2016),
and so on. In the past years, in the quest for easily
accessible, low-price, and effective adsorbents, various
natural materials and by-products like rice husk (Kumar
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and Kumar 2015), pistachio hull (Moussavi and
Khosravi 2011), soybean straw (Bo et al. 2008), and
coniferous pinus bark (Ahmad 2009) have attracted
immense interest. However, due to the particularities
and complexity of wastewater which contain different
molecular size and charged toxic pollutants, these
traditional materials showed limited potential to ad-
sorb pollutants, such as low adsorption capacity, ad-
sorption single pollutant, and so on. Therefore, it is
urgent to develop an efficient, low cost, and universal
adsorption material.

Activated carbon (AC) has been widely used as an
adsorbent in the separation and purification processes
for wastewater treatment due to its high surface area,
large porosity, well-developed internal pore structure,
and a wide spectrum of functional groups present on
the surface. AC can be prepared from a variety of
carbonaceous precursors. In order to reduce the cost of
AC preparation, agricultural by-products are gaining
great importance as precursors for AC production.
Many agricultural by-products, such as Kenaf core fiber
(Shamsuddin et al. 2016), waste cotton fibers (Ekrami
et al. 2014), Buriti shells (Pezoti et al. 2014), bamboo
(Lo et al. 2012), coffee residue (Boonamnuayvitaya
et al. 2005), walnut shells (Yu et al. 2014), etc. have
been successfully converted into low-cost AC. Peanut
shell is a good amount of agro-waste produced in plant-
ing industry. It is not used for any industrial purposes.
There would be an environmental damage if not dealt
immediately. However, peanut shell is of a low ash
content, low apparent density, and high degree of po-
rosity which is assured as a promising precursors to
synthesis AC. Thus, the conversion processing of pea-
nut shell for AC could ease the environmental pollution
of peanut shell and reduce the cost of AC.

The preparationmethod of AC includes chemical and
physical activation. Generally, the physical activation
method involves the carbonization of a carbonaceous
precursor and the subsequent activation at high temper-
ature (800–1000 °C) in a carbon dioxide or steam atmo-
sphere. The chemical activation is a single-step activa-
tion schemes with the presence of chemical agent (e.g.,
ZnCl2, KOH, and H3PO4) (Muniandy et al. 2014).
Comparing to physical activation, the chemical activa-
tion process takes place at a lower temperature (500–
800 °C) and higher carbon yields are produced. Among
these chemical agents, AC with a larger amount of
micro- and mesoporosity is prepared by ZnCl2 activa-
tion compared to others because the mechanism for

ZnCl2 activation is somewhat different (Guo and Lua
2003; Ruiz-Fernández et al. 2011; Serkan Timur et al.
2013). ZnCl2 dissolves the cellulose inside the peanut
shell, followed by catalytic dehydration at high temper-
atures. It results in charring and aromatization of the
carbon skeleton and creation of the pore structure. As a
result, ZnCl2 could be the best activating agent to pre-
pare activated carbon with high surface area.

Adsorption processes are influenced by a number of
factors, which mainly consist the physical-chemical
characteristics of the adsorbent. The adsorption proper-
ties of AC can be significantly influenced by surface
functional groups including carbonyl, carboxyl, lac-
tones, quinones, and so on. The nature and contents of
surface functional groups on AC may be modified by
suitable thermal or post-chemical treatment to improve
its adsorption performance for contaminant removal.
Manymethods have been reported to modify the surface
of ACwhich enable higher uptake of specific pollutants,
such as base treatment (Saleh and Danmaliki 2016),
microwave treatment (Hesas et al. 2013), ozone treat-
ment (Jaramillo et al. 2010), etc. However, some of
these methods need expensive equipments, complicated
operation, and high energy consumption or have a de-
crease in hydrophilicity. Compared with these ap-
proaches, acid treatment has excellent performance, in-
cluding cost effectiveness, ease of operation, and energy
saving. Acid treatment is generally employed to oxidize
the surface of AC and obtain oxidized activated carbon
(OAC) as it increases the acidic property, removes the
mineral elements, and improves the hydrophilic nature
of surface. The negatively charged acid groups of OAC
have a tendency to connect and adsorb organic pollut-
ants and metal ions (Bhatnagar et al. 2013). The nitric
acid and sulfuric acid are the most widely studied for
improving the surface acidic functional groups (i.e.,
carboxyl). Chen et al. (2015)) prepared cotton-derived
porous carbon and oxidized it with nitric acid, the ad-
sorption capacities significantly increased after nitric
acid modification.

In this work, a high surface area OAC was first syn-
thesized using peanut shell as raw material by ZnCl2
activation at 500 °C and further oxidized with concen-
trated nitric acid. Subsequently, it was applied as an
adsorbent for the removal of organic pollutants and
heavy metal ions from aqueous solution and exhibited
universality and high capacities in adsorption. Basic blue
41 (BB-41), congo red (CR), phenol, Cr(VI), and Pb(II)
were used as organic pollutants and heavy metal ion
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model, respectively. The major adsorption influencing
factors contain pH; initial concentration and contact
time were investigated in batch adsorption experiment.

2 Experimental

2.1 Chemicals and Materials

The peanut shell was provided from a local market in
Zhenjiang, China. The sample was washed thoroughly
with distilled water to remove clay and then dried in
air at 105 °C in an oven for 24 h and crushed with
geometrical mean size ranging from 40 to 60 meshes
(0.42–0.25 mm). All AR-grade chemicals were used.
Bas ic b lue 41 (BB-41, molecular formula :
C20H26N4O6S2), congo red (CR molecular formula:
C32H22N6Na2O6S2), and phenol (molecular formula:
C6H6O) were used as organic pollutant model which
were purchased from Sigma-Aldrich (Shanghai, Chi-
na). For the metal ion adsorption, Pb(II) and Cr(VI)
were applied as the metal ion pollutant model and
come from Pb(NO3)2 and K2Cr2O7, respectively. Oth-
er chemicals including ZnCl2, HCl, Pb(NO3)2, NaOH,
KOH, H3PO4, K2Cr2O7, NH3·H2O, and HNO3 were
purchased from Sinopharm Chemical Reagent Com-
pany (Shanghai, China). For all the experiments, dou-
ble distilled water was used.

2.2 Instruments and Measurements

Fourier transmission infrared spectra (FT-IR) analysis
was performed on a Nicolet NEXUS-470 FT-IR spec-
trometer (USA), using 24 scans per spectrum in the
region of 4000–400 cm−1. Scanning electron micros-
copy (SEM) was recorded by using the JEOL JSM-
6480 microscope at an accelerating voltage of 25 kV.
The specific surface area, total pore volume, and pore
size distribution analyses were measured at − 196 °C
using a NOVA 2000 surface area and pore size ana-
lyzer (Quntachrome, USA); the specific surface areas
(SBET) were calculated by the Brunauer–Emmett–
Teller (BET) method. The Barrett–Joyner–Halenda
(BJH) model was used to derive the pore size distri-
butions. The concentrations of organic samples in the
supernatant solutions were analyzed by a UV-Vis
spectrophotometer (JASCO V570, Japan). The con-
centrations of metal ions were determined by VISTA-
MAX Inductive Coupled Plasma-Atomic Emission

Spectrometer (ICP-AES, Varian, USA). The zeta po-
tential of OAC in different pH solutions was analyzed
by a zeta meter (Zeta-Meter, PG314, USA).

2.3 Preparation of Activated Carbon

Five grams of dried peanut shell powders were impreg-
nated with 100 mL of 10% ZnCl2 solution at 85 °C for
2 h under stirring. After impregnation, the sample was
dried 100 °C for 12 h. The obtained material was placed
in a tubular furnace, followed by heating to 500 °C at an
increasing rate of 3 °C min−1 and maintaining at this
temperature for 1 h under N2 flow protection. After
cooling to room temperature, the obtained sample was
thoroughly washed with distilled water and dried for
12 h at 105 °C, and then, the activated sample was
ground to obtain AC.

2.4 Preparation of Oxidized Activated Carbon

Three different types of OAC were prepared successful-
ly. The obtained ACwas dispersed in 10mol L−1 HNO3,
H3PO4, and KOH, respectively. Then, those mixture
solutions were refluxed and agitated at 100 °C for
24 h. After draining the acidic solution, those samples
were washed with distilled water to remove residual
chemicals until the pH of the wash water was neutral,
and then dried in an oven at 105 °C for 12 h, the
obtained samples were labeled OAC, OAC-P, and
OAC-K, respectively.

The scheme of processes is shown in Scheme 1. It
was reported that ZnCl2 acted as a dehydration agent to
promote the cross-linking and activate of various mate-
rials (Ahmadpour and Do 1996; Yue et al. 2002). It
caused hydrogen and oxygen atoms in the source mate-
rials to be stripped away. Impregnation with ZnCl2, first
results in degradation of the cellulosic material and on
carbonization on produces dehydration that results in
charring and aromatization of the carbon skeleton and
creation of the pore structure (Ahmadpour and Do
1996). After removing ZnCl2 with washing, the large
specific surface area and porosity of AC was obtained.
The acidic treatment of AC occurred in HNO3 solution
at 100 °C for 24 h and the product was rinsed with
distilled water until the pH reaches neutral and then
dried to obtain OAC. OAC possess more diverse oxy-
gen functional groups on the surface after nitric acid
oxidation, including –OH and –COOH.Moreover, there
are some adsorption interaction including hydrogen
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bonding and electrostatic attraction between these func-
tional groups (–OH/–COOH) and adsorbate when OAC
was used as an adsorbent. The method introduced oxy-
gen functional groups in OAC without changing its
textural parameters significantly (Bhatnagar et al. 2013).

2.5 Static Adsorption Studies

The equilibrium and kinetic adsorption process were
investigated in static batch experiments. Static adsorp-
tion experiments were performed at controlled pH and
ambient temperature. In a typical adsorption process,
OAC (10 mg) was added into a glass colorimetric tube
containing 20 mL of organic pollutant/metal ion aque-
ous solution. The pH of organic pollutant solution was
adjusted by 0.1 mol L−1 HCl or 0.1 mol L−1 NaOH
solution. For metal ions, 0.1 mol L−1 HCl or 0.1 mol L−1

NH3·H2O solution was used. All pH measurements
were carried out using a pH meter (Model pHS-3C,
shanghai, China). The mixture was then shaken vigor-
ously for 10 min and the adsorption time was main-
tained for 12 h. After the adsorption for 12 h, the amount
of organic pollutants/metal ions per unit weight of ad-
sorbent, qe (mg g−1) at equilibrium and qt (mg g−1) at
time t (min) was determined by the mass balanced
equation:

qe ¼
C0−Ceð ÞV

M
ð1Þ

qt ¼
C0−Ctð ÞV

M
ð2Þ

where C0, Ce, and Ct are the concentrations of adsor-
bates at initial, equilibrium, and time t (mg L−1),

respectively. M is the mass of adsorbent (g). V is the
volume of adsorption solution (L).

2.6 Adsorption Isotherm and Kinetic Models

A number of isotherms and models have been devel-
oped to explore the relationship between the parameters
of the adsorption process and investigate the controlling
mechanism of adsorption processes such as mass trans-
fer and chemical reaction. Two isotherm models (Lang-
muir and Freundlich) and two kinetic models (pseudo-
first-order and pseudo-second-order) were used to fit the
experimental data. The equations and parameters of the
isotherm and kinetic models are listed as follows.

Langmuir isotherm

qe ¼
qmKLCe

1þ KLCe
ð3Þ

RL ¼ 1

1þ KLC0
ð4Þ

Freundlich isotherm

lnqe ¼ lnK F þ 1

nF
lnCe ð5Þ

Pseudo-first-order kinetic

qt ¼ qe 1−e−k1t
� � ð6Þ

Pseudo-second-order kinetic

qt ¼
k2q2e t

1þ k2qet
ð7Þ

C0 and Ce are the concentration of adsorbate at initial
and equilibrium (mg L−1), respectively; qe is the amount

Scheme 1 The synthesis route of OAC
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of adsorbate adsorbed per unit of the adsorbent at equi-
librium (mg g−1); qm is the maximum adsorption capac-
ity (mg g−1); KL is the Langmuir constant; KF and nF
stand for the Freundlich constants; RL is the separation
factor; k1 and k2 are the pseudo-first-order and pseudo-
second-order adsorption rate constant, respectively; t is
the contact time (min); qt is the adsorption capacity at
any time (mg g−1).

2.7 Desorption Experiments

After adsorption experiments, some methods have
been employed to elute the organic pollutants and
heavy metal ions. A mixture of water and methanol
in volume proportion 1:1 was used to desorb BB-41.
The adsorbent that was used for the adsorption of
CR was washed gently with 0.1 M HCl solution,
and CH3COOH solution (50% v/v) to remove CR.
Desorption studies of phenol were conducted using
0.1 M NaOH solution. For Cr(VI), the desorption
conditions were a stripping solution of 20% H2SO4

and a contacting time of 4 h. Pb(II)-laden OAC was
separated out by filtration and the filtrate was
discarded. Desorption studies were carried out using
OAC agitated with 0.1 M HCl solution. Subsequent-
ly, the OAC was separated by centrifugation,
washed by distilled water several times, until neu-
tralization, and then reused in the next cycle of
adsorption experiment.

3 Results and Discussion

3.1 Characterization of the Oxidized Activated Carbon

3.1.1 Characterization of FT-IR

FT-IR spectra of AC and OAC are obtained to identify
the oxidation mechanism. As shown in Fig. 1, com-
pared with OAC, AC shows no obvious adsorption
peaks. The FT-IR spectrum of the OAC confirmed the
presence of functional groups, including –OH
(3432 cm−1) and –COOH (1721 cm−1). It means that
OAC possess more diverse oxygen functional groups
on the surface after nitric acid oxidation. These func-
tional groups are hydrophilic which improve the dis-
persible of OAC in water (Shen et al. 2008). When it
acts as an adsorbent, there are some adsorption inter-
action including hydrogen bonding and electrostatic

attraction between these functional groups (–OH/–
COOH) and adsorbate, which imply toward wider
adsorbate and larger adsorption capacity.

3.1.2 Characterization of SEM

The morphologies of the carbonized peanut shell and
OAC are shown in the SEM images (Fig. 2). Figure 2a
shows that the carbonized peanut shell possesses a
discontinuous bulk structure. The image of OAC
(Fig. 2b) shows that a discontinuous, rough, and ir-
regular surface originates from a large number of
cavities on the surface, caused by the dehydrating
action of activating agent. The obviously rough sur-
faces and a large number of cavities denote a large
specific surface area for adsorption. As shown in Fig.
2c, the porosity of the oxidized activated carbons
arises from randomly distributed micro-pores. The
porosity of the oxidized activated carbons is probed
by N2 adsorption-desorption analysis.^

3.1.3 N2 Adsorption-Desorption Analysis

Nitrogen adsorption-desorption isotherm and pore size
distribution plot are displayed in Fig. 3. It is clear that
the shape of the isotherm refers to the type IV isotherm
according to International Union of Pure and Applied
Chemistry (IUPAC) classification in Fig. 3a. Besides,
the isotherm also demonstrates a marked hysteresis,
demonstrating the existence of a large number of meso-
porous in OAC (Njoku et al. 2014). As shown in

4000 3500 3000 2500 2000 1500 1000 500

-OH

Wavenumber (cm
-1

)

-COOH

AC

OAC

Fig. 1 FT-IR spectra of activated carbon and oxidized activated
carbon
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Table 1, the specific surface area (SBET) of OAC, OAC-
P, and OAC-K is calculated to be 1807, 855, and
1081 m2 g−1, respectively. It is implied that greater
micro- and mesoporosity developments are obtained

with ZnCl2 activation compared to other chemical acti-
vating agents. Compared with the previous work
(Gomez-Serrano et al. 2005), the largest surface area
of OAC and other ACs from agricultural by-products

Fig. 2 SEM image of peanut shell after carbonization (a), oxidized activated carbon (b), and partial enlargement of the pores (inset) and
TEM image of oxidized activated carbon (c)
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Fig. 3 Nitrogen adsorption-desorption isotherm (a) and Barrett-Joyner-Halenda (BJH) adsorption pore-size distribution plot (b) of oxidized
activated carbon, oxidized activated carbon-H3PO4, and oxidized activated carbon-KOH, respectively
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activated by H3PO4 and KOH are 1636 and 747, respec-
tively. It shows that the high surface area activated
carbon can be prepared from the peanut shell with ZnCl2
activation. A comparison of the surface area of different
activated carbons and other adsorbent is listed in
Table 2; the results show that the high surface area
activated carbon can be prepared from the peanut shell
with ZnCl2 activation.

3.2 Organic Pollutants and HeavyMetal Ion Adsorption

3.2.1 Zeta Potential Measurements

Figure 4 shows the zeta potential versus pH plots for
OAC. An important parameter used to characterize the
electro-kinetic behavior of a solid-liquid interface is the
point of zero zeta potential. The pH value at this point is
often called the isoelectric point (pI) of the interface. As
shown in the Fig. 4, when pH value is lower than 4,
these groups (–COOH/–OH) on the surface of OAC
start to become protonated, and at higher pH, these

groups (–COOH/–OH) become anionic (–COO−/–O−)
due to dissociation. The pI of OAC is close to 4; it
indicates that OAC surface is positively charged at
lower pH and negatively charged at higher pH value.
The further the pH deviates from the isoelectric point,
the larger the absolute value of zeta potential becomes.

3.2.2 Effect of pH

The pH of solution plays an important factor in adsorp-
tion. Figure 5 shows that the optimum pH values of
adsorption for each pollutant. Generally, solution pH
affects the surface charge of adsorbent and degree of
ionization of the adsorbate. For the OAC, the ionic state
of the carboxyl and hydroxyl function groups on the
surface is important for the adsorption process.

Table 1 Surface areas and pore volumes of oxidized activated
carbon, oxidized activated carbon-H3PO4, and oxidized activated
carbon-KOH

Material SBET (m
2 g−1) VT (cm

3 g−1) DP (nm)

OAC 1807 0.725 3.8

OAC-P 855 0.654 3.4

OAC-K 1081 0.270 3.4

Table 2 Comparison of the sur-
face area of the different activated
carbons and other adsorbent

Adsorbent BET surface area Reference

Fe3O4-COOH@(PAH/GO-COOH) 42.27 (Guo et al. 2017)

EDTA-AC 741 (Babu et al. 2018)

SBA-15/PAMAM 743.45 (Mirzaie et al. 2017)

Modified activated carbon (MAC) 683 (Van et al. 2018)

Activated Carbon Fiber 1156 (Berber-Mendoza et al. 2018)

Kenaf core fiber activated carbon 299.02 (Shamsuddin et al. 2016)

Cotton fibers activated carbon 694 (Ekrami et al. 2014)

Buriti shell activated carbon 843 (Pezoti et al. 2014)

Ginkgo leaves activated carbon 696.58 (Wang and Chen 2015)

Banana bunch activated carbon 981 (Salman 2014)

peanut shell activated carbon 1807 This work
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Fig. 4 Effect of pH on the zeta potential of sample OAC
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OAC exhibits the highest removal rate of 98.8%
toward BB-41. BB-41 is a cationic dye which belongs
to the positively charged pollutants in solution. It can be
seen that quantitative removal of BB-41 taken place at
pH ranging from 3.0 to 10.0 in Fig. 5a, the removal rate

increases with the increase of pH values from 3.0 to 5.0.
Further, there is no any significant change with the pH
increasing. Lower adsorption of BB-41 at acidic pH is
probably due to the presence of H+ competing with the
cationic groups on BB-41 for adsorption sites. When the
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pH value increases, the surface of the activated carbon
becomes negatively. Thus, the adsorption capacity of
the BB-41 reaches maximum at pH 7.0.

The pH effect (2.0–10.0) on CR adsorption onto
OAC was investigated, and results (Fig. 5b) confirmed
that maximum CR adsorption was achieved at pH 2.0.
At higher pH, these groups (–COOH/–OH) become
anionic (–COO−/–O−) and not suitable for the adsorp-
tion of negatively charged CR. At acidic pH, CR has a
property to aggregate in aqueous and organic solutions.
The CR is less soluble and more readily adsorbed due to
the restriction of protonation of the functional groups
from CR at low pH.

For phenol, the initial solution pH values range from
3.0 to 10.0. Figure 5c shows that the phenol removal rate
is unaffected when the initial pH changed from 3.0 to
7.0. The adsorption decrease at high pH values due to
electrostatic repulsions between the negative surface
charge and the phenolate-phenolate anions in solution.
While at acidic pH, non-dissociated phenol molecules
can easily be adsorbed by the partially protonated chem-
ical groups of OAC surface due to the dispersion inter-
action. The dispersion force arises from the fluctuating
charge distribution-instantaneous dipoles between phe-
nol molecules and OAC.

Chromium is present in the wastewater as Cr(VI) in
the form of oxyanion, such as chromates (CrO4

2−),
dichromates (Cr2O7

2−), and bichromates (HCrO4
−).

The pH of the solution determines the different ionic
forms of the Cr(VI). Change of the adsorption capacity
of Cr(VI) on OAC with pH is shown in Fig. 5d; it is
observed that the adsorption capacity increases with the
increase of pH and then decreases. The acidic pH leads
to an increase in H+ ions on the carbon surface; this
results in significantly strong electrostatic attraction be-
tween the positively charged OAC surface and the neg-
atively charged species of Cr(VI). However, the Cr(VI)
presents predominantly as CrO4

2− and HCrO4
− at strong

acidic condition. Thus, the maximum adsorption oc-
curred at pH 2.0 and might be presented as wastewater
at about pH 8.5.

It is generally recognized that the solution pH greatly
influences the adsorption of heavy metals from aqueous
solution onto adsorbents. To optimize the pH for max-
imum removal efficiency and to avoid the precipitation
of Pb(II), a sorption experiment was conducted in the
initial pH range from 2 to 5, as shown in Fig. 5e; it is
apparent that the equilibrium adsorption amount of
Pb(II) on OAC increase with increasing pH. At

pH 2.0, the competition of H+ and Pb(II) ions for the
same adsorption active sites. The density of negative
charge on OAC increases rapidly with increasing of pH.
However, Pb(II) is not stable at strong alkaline condition
(Sekar et al. 2004). Therefore, the optimal operational
pH is 5.0 for Pb(II). As a result, the value at pH 7.0, 2.0,
3.0, 2.0, and 5.0 was selected for BB-41, CR, phenol,
Cr(VI), and Pb(II), respectively. All the following ex-
periments were carried out at the optimum pH value.

3.2.3 Adsorption Isotherms

As shown in Fig. 6a, the adsorption capacity of BB-
41 onto OAC increases sharply with the initial con-
centration increasing. This may be due to the fact
that high initial concentration promotes the driving
force to overcome the mass transfer resistance be-
tween the solid and liquid interfaces. However,
when adsorption process reaches the saturated state,
all the sites on the adsorbent have reached the dy-
namic balance. Desorption occurs simultaneously
with adsorption, and the adsorption rate equals the
desorption rate, so that the apparent adsorption rate
is zero, and the adsorbent reaches the maximum
adsorption capacity. BB-41 molecules cannot be
adsorbed onto OAC even if it continue to increase
the initial concentration. The adsorption of BB-41
onto OAC at different temperature shows an in-
crease tendency in the adsorption capacity when
the temperature increases. Generally, the tempera-
ture has three main effects on the adsorption pro-
cesses of the porous adsorbents. Firstly, it can affect
the diffusion rate of the adsorbed substance within
the pores as a result of decreasing solution viscosity.
Secondly, it also can affect the number of the sorp-
tion sites generated because of breaking of some
internal bonds near the edge of active surface sites
of sorbent, which benefits for improving the adsorp-
tion capacity of the adsorbents. Thirdly, the sorption
was endothermic in nature, and a better adsorption
performance can be obtained at a higher tempera-
ture. Furthermore, the same phenomenon was ob-
served on other four adsorbates (CR, phenol, Cr(VI),
and Pb(II)). Thus, increasing initial concentration
and temperature can increase the driving force be-
tween the solid and the liquid interfaces, the diffu-
sion rate of adsorbate, and the number of the ad-
sorption sites, respectively, which enhance the ad-
sorption ability of OAC.
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The adsorption isotherm explains the adsorbate inter-
act with the adsorbent and the distribution of adsorbate
molecules/ions between the liquid phase and solid phase
by measuring the distribution coefficient. The Langmuir
and Freundlich isotherm models were used to

investigate the adsorption process. The five different
adsorption isotherms by non-linear regression at
298 K, 308 K, and 318 K are illustrated in Fig. 6. And
also, Table 3 gives the relevant parameters and normal-
ized standard deviation. The applicability of the
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Fig. 6 The plots of Langmuir isotherm and Freundlich isotherm for equilibrium data of basic blue 41 (a), congo red (b), phenol (c), Cr(VI)
(d), and Pb(II) (e)
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isotherm models to the experimental data of adsorption
process was compared by judging the correlation (R2).

The correlation coefficient R2 of Langmuir for
CR and Pb(II) are all higher than 0.97, which
suggest that the adsorption isotherms of CR and
Pb(II) onto OAC follow the Langmuir isotherm
model. These results assume the monolayer ad-
sorption on structurally and energetically homoge-
nous active sites and predict the monolayer cover-
age at the outer surface of adsorbent. On the other
hand, the R2 of Freundlich models for BB-41,
phenol, and Cr(VI) are much larger than that of
Langmuir model, indicating that the equilibrium
data are best fitted to the Freundlich isotherm
model, which supposes the adsorption process onto
the heterogeneous adsorption sites with the differ-
ent affinities of binding sites onto the surface of
OAC. All RL values are found to be less than 1
and bigger than 0 in each case, indicating that
these adsorption processes are favorable. In addi-
tion, in the case of OAC, its saturation adsorption
capacities at 25 °C are 686.4, 486.6, 115.3, 107.7,
and 135.0 mg g−1 for BB-41, CR, phenol, Cr(VI),
and Pb(II), respectively. This suggests that the
OAC demonstrates high efficiency to remove the
various pollutions from aqueous solution.

3.2.4 Kinetic Studies

Figure 7 shows that the variation in the adsorption of
adsorbates as a function of contact time. Figure 7a
shows the effect of contact time on the adsorbed
amount of BB-41 by OAC from solution with initial
concentrations of 200.0 mg L−1 at 25 °C. The ad-
sorption capacity increases sharply with contact time
in the first 20 min and attains equilibrium within
60 min. At the initial stage, the fast adsorption may
be due to the higher driving force and the availabil-
ity of the uncovered surface area and the active sites
on the adsorbent. With the time increasing, the un-
covered surface area and the active sites diminish
and the decrease in the driving force takes long time
to reach the equilibrium. As for other adsorbates, the
same effect is observed on varying the contact time
though the time of equilibrium is not the same.

The pseudo-first-order and pseudo-second-order
models were applied to test adsorption kinetics data
and further investigate the mechanism of adsorption.
Kinetic parameters obtained from the pseudo-first-
order and pseudo-second-order equations are listed
in Table 4. The pseudo-second-order model fitted
well with all experimental data (BB-41: R2 = 0.985,
CR: R2 = 0.995, phenol: R2 = 0.994, Cr(VI): R2 =

Table 3 Isotherm parameters for the adsorbate onto OAC

Adsorbate T (°C) Langmuir Freundlich

qe.cal (mg g−1) KL (L mg−1) R2 RL KF (L mg−1) nF R2

BB-41 25 732.4 0.147 0.922 0.017 157.8 2.74 0.987

35 763.2 0.171 0.936 0.014 176.1 2.77 0.992

45 790.3 0.200 0.923 0.012 189.8 2.71 0.982

CR 25 521.6 0.082 0.999 0.030 78.7 2.68 0.929

35 533.4 0.092 0.997 0.026 86.2 2.74 0.937

45 549.5 0.104 0.986 0.023 97.7 2.84 0.959

Phenol 25 121.3 0.017 0.855 0.124 12.1 2.63 0.984

35 129.4 0.017 0.860 0.125 12.7 2.62 0.985

45 139.4 0.017 0.874 0.128 13.3 2.59 0.988

Cr(VI) 25 98.6 0.041 0.855 0.057 15.6 3.08 0.990

35 105.1 0.040 0.847 0.058 17.2 3.13 0.990

45 114.2 0.039 0.851 0.060 18.6 3.14 0.987

Pb(II) 25 135.0 0.109 0.988 0.022 32.0 3.76 0.896

35 140.6 0.136 0.975 0.018 35.8 3.89 0.903

45 145.2 0.165 0.972 0.015 39.1 4.00 0.906
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0.991, Pb(II): R2 = 0.980). Moreover, the calculated
Qe(cal) values agree very well with the experimental

data. It means that the adsorption rate is mainly
determined by the chemical adsorption process.
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3.2.5 Adsorption Thermodynamics

In order to investigate whether the adsorption is sponta-
neous and explore the mechanism involved in the ad-
sorption process, the thermodynamic parameters were
determined by the following equations:

ΔG ¼ −RTlnKd ð8Þ

lnKd ¼ ΔS
R

−
ΔH
RT

ð9Þ

where ΔS (J mol−1 K−1), ΔH (kJ mol−1), and ΔG
(kJ mol−1) are the entropy change, enthalpy change, and
the Gibbs free energy change, respectively. R
(8.314 J mol−1 k−1) stands for the gas constant, T (K)
is the temperature. Kd (qe/Ce) is the thermodynamic
equilibrium constant. The thermodynamic parameters
are shown in Table 5.

The negative values of ΔG and the decrease in the
negative ofΔGwith an increase in temperature confirm
that the adsorption process is spontaneous and a better
adsorption performance can be obtained at a higher
temperature. Meanwhile, the positive ΔH illustrates
the endothermic nature of the adsorption, which is also
consistent with the effect of temperature. ΔS > 0 sug-
gests that the increase in randomness at the solid-
solution interface and a good affinity between adsorbate
and adsorbent.

3.2.6 Adsorption Mechanism

The adsorption capacities obtained in this study are
compared with other adsorbent adsorption capacities
of these adsorbates as shown in Table 6 (Afroze and
Sen 2018; Simón et al. 2018). It is observed that the

adsorption capacities of OAC are higher than those of
some other adsorbents. It is implied that OAC has the
potential to be a good adsorbent which can be attributed
to the high surface area. It is well known that a higher
surface area can provide the availability of more adsorp-
tion sites which can improve the adsorption capacity at a
degree. Comparing the experimental adsorption data of
OAC, the adsorbent shows the highest adsorption ca-
pacity toward BB-41. The phenomena may be attributed
to the coherence between the molecular size of the
organic pollutants and the adsorbents’ pore size as well
as electrostatic interactions between the pollutants and
adsorbents.

For organic pollution adsorption, it mainly depends
on the molecular size of the organic pollution (the
molecular size of organic adsorbate decreases in the

Table 4 Comparison of the pseudo-first-order and pseudo-second-order kinetic parameter for the adsorption of BB-41, CR, phenol, Cr(VI),
and Pb(II)

Adsorbate Pseudo-first-order kinetics Pseudo-second-order kinetics

Qe (exp) k1 Qe (cal) R2 k2 Qe (cal) R2

(mg g−1) (min−1) (mg g−1) (g mg−1 min−1) (mg g−1)

BB-41 378.5 0.180 360.7 0.837 0.0007 385.6 0.989

CR 342.8 0.079 320.5 0.950 0.0003 358.5 0.995

Phenol 40.8 0.065 38.4 0.959 0.0019 43.4 0.999

Cr(VI) 45.8 0.401 44.7 0.739 0.0250 45.8 0.991

Pb(II) 71.9 0.261 69.3 0.760 0.0071 72.5 0.980

Table 5 Thermodynamic parameters for adsorption of adsorbates

Adsorbate T ΔG ΔH ΔS

BB-41 25 − 21.5 17.72 131.42
35 − 22.7
45 − 24.1

CR 25 − 19.0 8.27 92.12
35 − 19.9
45 − 20.9

Phenol 25 − 8.6 5.72 47.91
35 − 9.0
45 − 9.5

Cr(VI) 25 − 6.9 5.79 42.48
35 − 7.3
45 − 7.8

Pb(II) 25 − 10.9 4.73 52.72
35 − 11.5
45 − 12.0
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order of CR > BB-41 > phenol). Molecules with a
suitable size would be adsorbed more favorably be-
cause they have more contact sites with the OAC
surface. The inhibited diffusion of the relatively large
size organic adsorbate (CR) into the small channels of
OACwhile a relatively small molecule (phenol) could
enter the channels but could not be trapped. In detail,
basic groups favor phenol adsorption whereas acidic
groups favor BB-41 adsorption. Without pH adjust-
ment, the OAC are negatively charged due to the
carboxylic acid. Obviously, BB-41 being cationic
has a high affinity for the negatively charged surfaces.
The adsorbate (BB-41) could be absorbed when it
possesses a moderate size toward the channels of
adsorbent (OAC). Thus, the amount of BB-41 adsorp-
tion onto OAC is higher than the other two.

In addition, it is a high impact that the surface func-
tional groups on the adsorbent toward the organic pol-
lution uptake. It is observed that the removal perfor-
mance is obvious when the adsorbate possesses the
positively charged. As for the negatively charged adsor-
bate, the performance of adsorption is slightly inferior. It
is attributed to the oxygen-containing functional groups

on the OAC surface. It is expected that the interaction of
the molecules of dyes and the activated carbon surface
occurs between the delocalized π electrons of the
oxygen-free Lewis basic sites and the free electrons of
the dye molecule present in the aromatic rings and
multiple bonds. The presence of oxygen-containing

Table 6 Comparison of adsorption capacities of different adsorbents for adsorbates

Adsorbates Adsorbents Adsorption capacity (mg g−1) Reference

BB-41 Nanoporous silica 345 (Zarezadeh-Mehrizi and Badiei 2014)

Bacillus macerans 89.2 (Atar et al. 2010)

Clay mineral 84 (Kooli et al. 2015)

OAC 686.4 This work

CR Pine cone 435 (Dawood et al. 2014)

Multiwall carbon nanotube 165.2 (Kamil et al. 2016)

Bentonite 158.7 (Bulut et al. 2008)

OAC 486.6 This work

Phenol Commercial activated carbon 49.72 (Ozkaya 2006)

Graphene 28.26 (Li et al. 2012)

Porous carbon 83.88 (Liu and Zhang 2011)

OAC 115.3 This work

Cr(VI) Copolymer hydrogel 74.7 (Jiang et al. 2015)

Ficusnitida leaves 21.0 (Ali and Alrafai 2016)

Mesoporous carbon nitride 48.3 (Chen et al. 2014)

OAC 107.7 This work

Pb(II) Imprinted polymer 38 (Liu et al. 2011)

Eggshell 90.90 (Putra et al. 2014)

Tea residue 64. (Yang and Cui 2013)

OAC 135.0 This work
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Fig. 8 Reusability of OAC for adsorption of basic blue 41 (a),
congo red (b), Pb(II) (c), phenol (d), and Cr(VI) (e)
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functional group (an electron-withdrawing group) has a
negative influence on the adsorption of an anionic spe-
cies. These groups reduce the electron density of the
OAC surface, thereby reducing the adsorption potential
of the dye molecules.

The dominant adsorption interaction mechanism is
electrostatic interactions between metal ions and OAC.
OAC were materials with amphoteric character; thus,
depending on the pH of the solution, their surfaces
might be positively or negatively charged. At pH > pI,
the carbon surface became negatively charged favoring
the adsorption of cationic species. On the other hand,
adsorption of anionic species will be favored at pH < pI.
Cr(VI) and Pb(II) were selected as the anionic and
cationic metal ion model. It is observed that the maxi-
mum removal efficiencies are obtained at 3.0 for Cr(VI)
and 5.0 for Pb(II), respectively, which imply that the
electrostatic interactions occur between the positively
charged OAC and anionic metal ions at lower pH. At
higher pH, the negatively charged is benefit for metal
cationic ion adsorption by electrostatic interactions.
Thus, it is concluded that OAC can be employed in
removing various pollutants due to its universality.

3.3 Regeneration

The regeneration of the adsorbent was a key factor for
improving wastewater process economics. Therefore, de-
sorption experiments were also conducted. In order to
display the reusability of the adsorbents, adsorption–
desorption cycle of pollutants was repeated five times by
using the same sorbent. The results were shown in Fig. 8,
indicating that OAC could be used at least five times
without significantly decrease in the adsorption capacity.
Furthermore, a microscopic characterization of the

adsorbent after each cyclewas conducted in order to check
the structure stable of adsorbent. Adsorption–desorption
cycle of BB-41 was repeated four times by using the same
sorbent. The SEM images of OAC before adsorption and
after four cycles are shown in Fig. 9. Obviously, after four
cycles, the block structure of OAC was only slightly
damaged. This phenomenon was also consistent with the
results obtained from the regeneration experiment.

4 Conclusions

In summary, the agricultural by-product from peanut shell
was converted to AC by ZnCl2 activation at 500 °C and
subsequently to OAC by concentrated nitric acid modifi-
cation. The physicochemical characterization of OAC
shows that it has a large specific surface area of
1807 m2 g−1. FT-IR spectrum of OAC indicated that the
presence of some surface oxygen functional groups. The
experimental maximum adsorption capacities of BB-41,
CR, phenol, Cr(VI), and Pb(II) from aqueous solutions at
25 °C per 1 g of OAC are 686.4, 486.6, 115.3, 107.7, and
135.0 mg g−1, respectively. This study indicates that OAC
prepared from peanut shell and oxidized by nitric acid can
be used as an effective adsorbent for the treatment waste-
water containing various organic pollutants and heavy
metal ions due to its universality adsorption performance.
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