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Abstract
Zinc chloride–activated carbon (AC) and nano zinc oxide/activated carbon composite (NZAC) as solid adsorbents were 
synthesized from date palm fronds (DPF) as a green material of activated carbon, while zinc oxide nanoparticles (NZ) were 
prepared in the presence of polyethylene glycol as capping agent. All the prepared solid adsorbents were investigated by 
several characterization techniques such as thermogravimetric analysis (TGA), nitrogen adsorption/desorption isotherm, 
Fourier transform infrared spectroscopy (FTIR), pH of point of zero charges  (pHPZC), scanning electron microscopy (SEM), 
and transmission electron microscope (TEM). The NZAC sample had the highest total pore volume (0.960  cm3/g), specific 
surface area (2085.47  m2/g), and with  pHPZC of 7.8. Adsorption of methylene blue was tested by Langmuir, Freundlich, and 
Temkin adsorption isotherms. NZAC had the highest Langmuir adsorption capacity (456.62 mg/g) at 40 °C with a dimen-
sionless separation factor (RL) of 0.030. MB adsorption matched well with pseudo-second-order and Elovich kinetic models. 
The entropy, free energy, and heat changes for MB adsorption onto NZAC were found to be 0.0243 (kJ/mol. K), − 3.5589 
(kJ/mol), and 3.561 (kJ/mol), respectively. Thermodynamic analysis demonstrated that the adsorption process of MB is 
favorable, spontaneous, physisorption, and endothermic. Desorption studies showed that HCl (0.01 mol/L) achieved the 
higher desorption percent (87%) compared with the other eluents.
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1 Introduction

Water contamination has attracted the public attention and 
emerged as one of the most important issues in the last 
several decades because of the world’s fast industrializa-
tion. The release of pollutants from many sectors gener-
ates significant difficulties for aquatic and human life due 
to their toxic effects even at low concentrations [1]. The 
textile industry includes many processes such as printing, 
dyeing, and bleaching which lead to discharging of many 
pollutants as wastes in natural streams [2]. It was noted that 

annually, more than 7 ×  105 tones of dyes are produced. This 
wastewater contains large amounts of high concentrations 
of toxic organic dyes [3]. Methylene blue dye is the most 
dispersed dye in water and is linked to several illnesses and 
symptoms, including nausea, vomiting, irritated mouth and 
throat, elevated heart rate, jaundice, tissue necrosis, anemia, 
and quadriplegia. So, the wastewater contaminated with MB 
dye should be properly treated [4]. Also, due to organic dyes’ 
aromatic complex structure, non-biodegradable properties, 
and recalcitrant nature, the formation of byproducts that are 
more toxic than the dye molecule starts to kill biological 
organisms and conventional biological methods for the treat-
ment of organic dyes are ineffective [5]. Several physical 
and chemical methods such as coagulation [6], membrane 
filtration [7], photocatalytic degradation [8], ion exchange 
[9], electrochemical oxidation [10], ozonation [11], floccula-
tion, reduction, and adsorption are used for the treatment of 
dyes. Among all the other treatment options, adsorption is 
a promising technique for the elimination of dyes owing to 
its design simplicity, reusability, and flexibility efficiency. 
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Different materials including zeolite granules [12], chi-
tosan [13], biochar [14], silica-based materials [15], ionic 
liquid − graphene oxide sponge [16], metal–organic frame-
works [17], and polymeric materials [18] have been investi-
gated for the adsorption of dyes. Some of these adsorbents 
can eliminate contaminants from water but suffer from some 
drawbacks like high cost, low efficiency, and poor reusabil-
ity. Activated carbon is the most preferred adsorbent for the 
removal of dyes because of its excellent ability in the adsorp-
tion process regardless of the restricted use of activated car-
bon because of its high cost. Both physical and chemical 
activation techniques are used to prepare activated carbon, 
but chemical activation has a number of advantages over 
physical activation, such as the fact that it only requires one 
step, operates at lower temperatures, typically has a better 
impact on pore growth, uses less energy, and yields high 
carbon yields. For the creation of activated carbon, many 
researchers have adopted the chemical activation approach 
[19]. The biomasses are soaked with a variety of chemi-
cal-activating agents during chemical activation, including 
 ZnCl2 [20], KOH [21],  H2SO4 [22], HCl [23],  H3PO4 [24], 
and  H2O2 [25].

The adsorption onto low-cost adsorbents including 
byproducts from industry or agriculture and natural materi-
als is considered one of the most highly interesting processes 
due to its ease of implementation and low cost. The utili-
zation of inexpensive agricultural byproducts has attracted 
more attention in recent years. Agricultural wastes like dif-
ferent kinds of shells (coconut, palm tree, walnut, almond, 
durian, pistachio, acorn, groundnut, hazelnut), stalks (rice, 
cotton, grape), leaves (spent tea, dry or dead), straws (wheat, 
barley), peels (cassava), seeds (Jojoba, pomegranate), husks 
(wheat, coconut, Jatropha, rice), and even stones (olive, 
date) have been reported for the activated carbon production 
[26]. Among these wastes, date palm trees represent the first 
crop in the Sultanate of Oman with 325 types of dates with 
total fruits cultivated area ~ 62 thousand acres, more than 
9.1 million trees to produce about 374 thousand tons of date 
annually. The huge quantities of palm tree waste encourage 
us to use it as a precursor for the production of valuable acti-
vated carbon from date palm fronds which are considered a 
pollutant especially when transferred into landfill.

In the field of material science, researchers created vari-
ous nano-sized materials of less than 100 nm using chemi-
cal, biological, and physical methods. The high activity 
of nanoparticles is caused by their higher surface area to 
volume ratio, and their activities are exploited in various 
fields [27]. To remove dyes from aqueous solutions, dif-
ferent metal oxides such as  Fe3O4, MgO,  SiO2, and ZnO 
nanoparticles, have been used as solid adsorbents due to 
their easy synthesis from an extensive supply of naturally 
occurring minerals, strong adsorption capacity, surface reac-
tivity, and destructive adsorbents when compared to their 

commercial analogs [28]. In comparison to other metals, 
ZnO has various chemical and physical properties such as 
high electron transfer, wide band range, dielectric proper-
ties, low cost, and environmentally friendly characteristics. 
The remarkable performance and structure of ZnO-NFs have 
recently piqued curiosity due to their structure. Because of 
its flower-like form, it is preferred for its physicochemical 
characteristics [29, 30].

The present work aims to prepare a new bioactivated 
carbon from date palm fronds (AC) using zinc chloride as 
activating agent, nano zinc oxide (NZ), and nano zinc oxide/
activated carbon composite (NZAC). Various techniques and 
methods were utilized for the characterization of all synthe-
sized solid materials such as TGA, SEM, TEM, FTIR,  N2 
adsorption/desorption studies, and  pHPZC. Different appli-
cation conditions such as the effect of adsorbent dosage, 
solution pH, time, MB initial concentration, and temperature 
were studied. Desorption of methylene blue from the surface 
of the AC sample was studied using different eluents.

2  Materials and methods

2.1  Materials

Date palm fronds were collected from Al-Wishayl agricul-
tural lands, Al-Rustaq, Sultanate of Oman. The date palm 
fronds were washed for the removal of any impurities with 
hot distilled water, dried at 105 °C, and then ground into 
fine particles. Methylene blue (> 98%), polyethylene glycol 
(40% w/w), zinc chloride (> 98%), zinc acetate (> 99.99%), 
and ammonium hydroxide (28%) were obtained from 
Sigma-Aldrich Co., St. Louis, MO, USA. Hydrochloric acid 
(37%), ethanol (99%), propanol (> 99.8%), sodium chloride 
(99.95%), and sodium hydroxide (≥ 98%) were purchased 
from Oxford Lab Fine-Chem Llp Co., India. All chemicals 
were utilized without any purification.

2.2  Synthesis of solid adsorbents

2.2.1  Preparation of zinc chloride–activated carbon (AC)

To prepare activated carbon, the powder of dried date palm 
fronds (DPF) was soaked in zinc chloride in the ratio (1:3, 
DPF:Zn  Cl2) by using an appropriate amount of water for 
48 h followed by drying for 24 h at 110 °C. The dry prod-
uct was pyrolyzed in a stainless steel reactor (70 × 4 cm) 
with nitrogen gas flowing at 550 °C and a heating rate of 
15 °C/min for 4 h, and then cooled to room temperature. 
The resulting activated carbon mass was then washed with 
deionized water until free filtrate from zinc ions. The puri-
fied zinc chloride–activated carbons were dried at 110 °C 
for 24 h [31].
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2.2.2  Synthesis of zinc oxide nanoparticles (NZ)

To synthesize zinc oxide nanoparticles, 0.5 g of zinc acetate 
was dissolved in 150 mL distilled water and stirred for 2 h 
in the presence of polyethylene glycol as capping agent. A 
few drops of ammonium hydroxide (0.01 mol/L) were added 
dropwise. The precipitate was then collected using centrifu-
gation process, washed with distilled water, dried at 110 °C, 
and then calcined for 3 h at 550 °C [32].

2.2.3  Preparation of nano zinc oxide/activated carbon 
composite

Nano zinc oxide/activated carbon composite was synthe-
sized based on the technique described by Esraa et al. with 
some changes [33]. It is prepared by adding 0.5 g of zinc 
acetate into 150 mL distilled water in a 250-mL beaker in the 
presence of polyethylene glycol as capping agent and stirred 
for 15 min. Then, 3 g of fine powder activated carbon was 
well dispersed into the previous solution for 10 min. After 
complete homogeneity, a few drops of  NH4OH (0.01 mol/L) 
were added dropwise. The precipitate was then filtered, 
washed with distilled water, dried at 110 °C, and then cal-
cined for two hours at 550 °C.

2.3  Characterization of the prepared solid samples

Thermogravimetric analysis for DPF, AC, NZ, and NZAC 
adsorbents was determined by a thermal analyzer (NETZCH 
STA 409, Germany) apparatus at a heating rate of 15 °C/min 
up to 800 °C and  N2 flow rate of 50 mL/min.

Nitrogen adsorption/desorption studies for AC, NZ, and 
NZAC were employed at − 196 °C by a NOVA 3200e gas 
sorption analyzer (Quantachrome Corporation, USA) to 
determine average pore radius (r ̅), total pore volume (VT), 
and specific surface area (SBET). For the sample prepara-
tion, about 0.02 g of the sample was placed into a dry and 
clean sample holder, and then the temperature was raised to 
150 °C and degassed for a definite time between 20 and 24 h 
under reduced pressure of  10−5 Torricelli.

The point of zero charges  (pHPZC) of AC, NZ, and NZAC 
was studied by adding 0.1 mol/L of NaCl (25 mL) in several 
closed bottles. The values of initial pH  (pHi) were adjusted 
from 2 to 12 by using 0.05 mol/L NaOH and/or HCl. Solid 
samples (0.025 g) were mixed with bottles and agitated for 
24 h. The values of final pH  (pHf) were determined using a 
pH meter. The  pHPZC is defined as the point at which  pHf—
pHi = 0 [34].

Fourier transform infrared spectroscopy (Mattson 5000 
FTIR spectrometer, San Mateo, CA, USA) was performed 
for the solid adsorbents in the range 400 to 3800  cm−1 using 
a Mattson 5000 FTIR spectrometer to investigate the surface 
chemical functional groups.

Scanning electron microscope (SEM) was investigated for 
AC, NZ, and NZAC using a JEOL JSM-6510LV model. The 
samples were prepared by direct deposition of sample on an 
aluminum holder and then followed by sputter coating with a 
thin gold layer with an accelerating voltage of 15 kV under a 
high vacuum to provide a homogeneous surface for the correct 
analysis and imaging.

Transmission electron microscopy (TEM) was studied 
for all solid samples by a JEOL-JEM-2100 model operat-
ing at 200 kV. Approximately, 10 mg of the sample was 
dispersed in ethanol for 45 min using sonication and then 
transferred to a copper grid. The sample was then taken to 
dry in the vacuum desiccator for 24 h before commencing 
the measurements.

2.4  Adsorption studies of methylene blue dye

Methylene blue adsorption from aqueous solution by AC, 
NZ, and NZAC was investigated by shaking MB solution 
(50 mL) having a definite concentration with 0.05 g of the 
solid adsorbent for 24 h, pH 7, and at 20 °C. Then, Whatman 
filter paper (Grade 40) was utilized for the filtration of the 
supernatant, the first 10 mL from the filtrate was removed, 
and the concentration of unadsorbed MB concentration was 
determined using a UV–Vis spectrophotometer at λmax of 
663 nm. The equilibrium adsorption capacity (qe, mg/g) and 
removal percentage (R%) were calculated using Eqs. 1 and 
2, respectively:

where Ci and Ce (mg/L) are the initial and final MB dye 
concentrations in the solution, respectively. V (L) is the vol-
ume of the solution and W (g) is the mass of the adsorbent. 
Various adsorption conditions were used for studying MB 
such as the effect of pH (2–12), initial concentration of MB 
(35–540 mg/L), shaking time (0.4–24.0 h), adsorbent dos-
age (0.25–1.62 g/L), and at temperature (20, 30, and 40 °C).

2.5  Adsorption kinetic models

The rate and mechanism of methylene blue adsorption onto 
the synthesized solid adsorbents were investigated by the 
linear equations of the pseudo-first-order (PFO, Eq. 4), 
pseudo-second-order (PSO, Eq. 5), and Elovich (Eq. 6) 
kinetic models [35]:

(1)qe =
(Ci − Ce)

W
× V

(2)R% =
Ci − Ce

Ci

× 100

(3)qt =

(

Ci − Ct

)

V

W
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where qe and qt (mg/g) are the amounts of methylene blue 
adsorbed at equilibrium and at time t (h), respectively. 
k1  (h−1), Ct (mg/L), and k2 (g/mg.h) are the rate constant 
of PFO, the residual MB concentration at time t, and the 
rate constant of PSO model, respectively. β (g/mg) and α 
(mg/g.h) represent the extent of surface coverage and the 
initial rate of MB adsorption, respectively.

2.6  Adsorption isotherm models

Langmuir isotherm model (Eq. 7) shows that the adsorption 
of adsorbates onto a homogenous surface is monolayer and 
is explained as follows [36]:

where qe and qm (mg/g) are equilibrium and maximum 
adsorption capacity, respectively. b (L/mg) and Ce (mg/L) 
are Langmuir adsorption constant and equilibrium concen-
tration, respectively. Dimensionless separation factor (RL) 
was calculated to determine the nature of MB adsorption, if 
it is favorable (0 < RL < 1), unfavorable (RL > 1), and irrevers-
ible (RL = 0) as shown in the following equation:

Freundlich isotherm model (Eq. 9) discusses multilayer 
and monolayer adsorption onto heterogeneous surfaces and 
is expressed using the following equation:

where KF and n are Freundlich coefficients expressing the 
adsorption capacity and adsorption intensity, respectively.

Temkin isotherm model (Eq. 10) explains the effect of 
indirect interactions between adsorbate and adsorbent as 
follows:

(4)Ln(qe − qt) = Lnqe − k
1
t

(5)
t

qt
=

1

k
2
qe

2
+

1

qe
t

(6)qt =
Ln��

�
+

1

�
Lnt

(7)
Ce

qe
=

1

bqm
+

Ce

qm

(8)RL =
1

1 + bCi

(9)Lnqe = LnKF +
1

n
LnCe

(10)qe = ALnKT + ALnCe

(11)A =
RT

bT

Herein, R, T, and A are the gas adsorption constant 
(8.314 J/mol.K), the absolute temperature in Kelvin, and 
the adsorption heat constant, respectively. bT (J/mol) and KT 
(L/g) are Temkin constants.

2.7  Thermodynamic studies

Thermodynamic adsorption parameters such as the change 
in entropy (∆S°, kJ/mol. K), free energy (∆G°, kJ/mol), 
and enthalpy (∆H°, kJ/mol) were considered. ∆S° and ∆H° 
values were calculated from the intercept and the slope of 
Van’t Hof plot (Eq. 13) and were discussed by the following 
equations:

where Ce and Cs (mg/L) are concentration at the equilib-
rium of MB in the solution and MB concentration on the 
adsorbent, respectively. T (K), R, and Kd are the absolute 
temperature, gas constant, and adsorption distribution con-
stant, respectively.

2.8  Desorption of methylene blue dye

The desorption experiment was conducted on AC to discuss 
the possibility of reusing the sample in the adsorption pro-
cess. MB adsorbed onto the surface was desorbed by shaking 
0.1 g of MB pre-loaded AC with 50 mL of distilled water, 
ethanol, propanol, or 0.01 mol/L HCl for 3 h. The previous 
mixture was filtered, and the desorbed MB was measured in 
the filtrate [37]. The desorbed quantity was calculated using 
the following equation:

where qi and qf are the mass (mg) of MB on AC before and 
after desorption, respectively.

3  Results and discussion

3.1  Characterization of the synthesized solid 
adsorbents

The thermogravimetric analysis (TGA) was examined at 
a temperature of up to 800 °C to determine the thermal 

(12)Kd =
Cs

Ce

(13)LnKd =
ΔS

◦

R
−

ΔH
◦

RT

(14)ΔG
◦

= ΔH
◦

− TΔS
◦

(15)Desorption% =
qi − qf

qi
× 100
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stability of manufactured solid samples. Figure 1a represents 
TGA for DPF, AC, NZ, and NZAC samples. Decomposi-
tion of DPF occurs in three stages; the initial stage occurs 
at a temperature up to 151.8 °C with weight loss of about 
4.8%. That is a result of the release of water and some light 
volatile components. Ordinarily, beyond 210 °C, the lig-
nocellulosic structure begins to decompose. The second 
stage is between 250.3 and 398.5 °C with weight loss of 
6.1–54.5%. The rapid conversion of hemicelluloses and cel-
lulose to gases and tars during this stage is thought to be the 
cause of the significant weight loss that happened. On the 
other hand, lignin slowly transformed into fumes and tar, 
and this stage also signifies the start of the generation of 
carbon. Finally, the third stage happens more than 600 °C 
with 59.6% weight loss and the weight loss in this stage 
is gradually decreased and complete degradation of lignin 
occurs. TGA of DPF shows that its carbonization happens 
at about 410 °C [19, 38]. NZ degrades through two steps; 
the first stage is located at a temperature less than 184.50 °C 
with about 16.96% weight loss because of the evaporation 
of the surface-adsorbed water, while the second step occurs 
at higher temperatures (up to 450.72 °C) with weight loss of 
about 23.84% which is due to the removal of residual oxy-
gen functionalities. The stability of NZ was observed above 
450.72 °C indicating the phase transition events and crystal-
lization of NZ nanoparticles [39–41]. As shown in Fig. 1a, 
three distinct mass loss phases are observed for the AC and 

NZAC samples. The first stage is up to 133.10 °C with 13.74 
and 15.18% weight loss, respectively, which is attributed 
to surface-adsorbed water evaporation. The second stage is 
between 160.32 and 270.75 °C with extra weight loss of 
about 5.6% and of 7.22% for AC and NZAC, respectively, 
which is owing to organic compounds decomposition and 
material structure destruction. The third step, which occurs 
up to 400 °C with a weight loss of about 25.65 and 29.98% 
for AC and NZAC, respectively, could be due to the degra-
dation of the material’s structure and oxidation of carbon 
[39, 42]. Whereas NZAC exhibited weight loss of approxi-
mately 30.17% up to 459.79 °C, it is evident that impregna-
tion caused a reduction in carbon content and as a result of 
a reduction in weight loss. It is observed that the stability of 
NZ > AC > NZAC > DPF is related to the modification of AC 
by NZ that affect the structure of AC during the formation 
of composite (NZAC) and leads to the decrease of samples 
stability, in addition to the least stability of DPF as organic 
material [19].

The textural parameters such as porosity, surface area, 
micropore volume, mesopore volume, and total pore vol-
ume are crucial for solid adsorbents. Figure 1b represents 
nitrogen adsorption isotherms and Table 1 shows the tex-
tural characteristics of AC, NZ, and NZAC solid adsor-
bents. According to IUPAC classification, NZ, AC, and 
NZAC samples showed type (II) adsorption isotherms which 
confirm the presence of micropores for all samples where 

Fig. 1  TGA (a), nitrogen 
adsorption/desorption isotherms 
(b),  pHPZC (c), and FTIR (d), 
respectively
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average pore radius for AC, NZ, and NZAC were calcu-
lated to be 0.925, 0.915, and 0.921 nm, respectively [43, 44]. 
After examining the information in Table 1, we noted that 
the specific surface area  (m2/g) of NZAC (2085.47) > AC 
(1854.24) > NZ (1033.42) and total pore volume  (cm3/g) 
of NZAC (0.960) > AC (0.858) > NZ (0.473), increasing 
specific surface area with increasing total pore volume and 
indicating the highly porous nature of the resulted nanocom-
posite (NZAC). The ratio of micropore to mesopore volumes 
was found to be 6.9, 3.8, and 2.6, respectively, in the cases of 
AC, NZ, and NZAC when we estimated the micropore and 
mesopore volumes using the Gomez-Serrano method [45]. 
This demonstrates that more microporosity is created when 
AC was activated with zinc chloride. The unique increase 
in specific surface area from 1033.42 to 2085.47  m2/g, indi-
cating the increase of active sites and pores on the NZAC 
surface and proving its higher adsorption capacity.

The calculated values of point of zero charges  (pHPZC) 
for AC, NZ, and NZAC samples are 7.39, 7.04, and 7.80, 
respectively, as displayed in Fig.  1c  and listed data in 
Table 1.

FTIR spectra of AC, NZ, and NZAC solid adsorbents are 
illustrated in Fig. 1d to analyze their surface chemical func-
tional groups. Bands at 1386, 2346, and 3457  cm−1 on NZ 
are connected to the stretching vibration of the OH group, 
the (O = C = O) functionality of absorbed  CO2, and the OH 
bending of water obtained by moisture absorption from the 
air, respectively. The peaks located at 566 and 792  cm−1 
showed stretching vibration of ZnO, indicating NZ’s suc-
cessful synthesis [46], whereas FTIR for AC and NZAC 
depicts the same broadband at 3450  cm−1 which confirmed 
the OH stretching vibration of surface-adsorbed water, while 
the observed bands located at 1049 and 1466  cm−1 indicated 
C = O stretching vibration. Peaks at 599 and 725  cm−1 in 
FTIR of composite (NZAC) are attributed to ZnO stretching 
vibration. The acetate groups C =  = O and C-O stretching 
vibrations are responsible for the maxima at around 1700 
and 1070  cm−1, respectively [33]. The previous result con-
firms the formation of composite. The data of FTIR illus-
trated the excellent preparation of nano samples, and NZAC 
composite contains both zinc oxide and activated carbon 
[47].

The surface morphology, shape, and size of AC, NZ, and 
NZAC samples were evaluated by SEM analysis as shown 
in Fig. 2. The SEM image of the AC sample indicated that 

the surface of AC is highly porous, uneven, and rough with 
deep holes and grooves [48]. The NZ image appears as a 
circle and hexagonal shape with aggregated and irregular 
morphology [49], while NZAC image demonstrated the 
nanocomposite’s agglomerated shape, and the observable 
aggregation in the created nanocomposite looks toward the 
effective blending of AC and NZ nanoparticles. Although 
AC’s pores were largely closed by its immobilization in the 
NZ matrix, the composite nevertheless exhibits a porous 
nature and has a substantial surface area. This is possible 
because the exterior surfacing was the most accessible, pre-
venting NZ from entering the interior micropores of the AC. 
Smaller-sized pores, however, were still open [47, 50].

TEM micrographs are displayed in Fig. 2 for AC, NZ, 
and NZAC. TEM image for AC indicated a disordered and 
porous hierarchical structure, containing both microporous 
and mesoporous with a particle size of 30–100 nm [51]. 
For the NZ sample, the particles appear as elongated ellip-
soidal with a larger diameter in the middle and a particle 
size of 70–100 nm [52], while in the NZAC image, it is 
observed both circle and elongated particles, and NZ are 
equally distributed through an AC blended with a particle 
size of 50 nm.

3.2  Methylene blue adsorption

3.2.1  Effect of adsorbent dosage

Figure 3a displays the relation between the adsorbent 
dosage (g/L) and the removal percentage (Eq. 2) of MB 
through a 0.25–1.62 g/L range of adsorbent dosage at pH 
7 and 30 ℃ for 24 h. By increasing the adsorbent dos-
age from 0.25 to 1.62 g/L, the removal percentage for 
AC, NZ, and NZAC, respectively, increased from 3.9, 
3.8, and 10% to 70, 55, 83% by 17.5, 13.8, and 8.3 times, 
respectively. Where, as the adsorbent dosage increased, 
the observable sharp enhancement in the MB removal% 
occurred and is attributed to the existence of more active 
surface sites for MB adsorption [34, 35]. At higher adsor-
bent amount (˃ 1.38 g/L), the increment in the active sites 
had a little influence on the removal percentage because 
of the establishment of equilibrium at low methylene 
blue concentration in the medium of adsorption before 
the saturation. Because NZAC has a larger surface area 

Table 1  Parameters of  pHPZC 
and nitrogen adsorption for AC, 
NZ, and NZAC solid samples

Adsorbents pHPZC SBET
(m2/g)

VT
(cm3/g)

Vmicro
(cm3/g)

Vmeso
(cm3/g)

r(nm)

AC 7.39 1854.24 0.858 0.749 0.109 0.925
NZ 7.04 1033.42 0.473 0.375 0.098 0.915
NZAC 7.80 2085.47 0.960 0.694 0.266 0.921
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and more chemical functional groups, it has a greater R% 
than AC and NZ. Upon the previous results, the optimum 
adsorbent dosage of 1 g/L was selected for AC, NZ, and 
NZAC.

3.2.2  Effect of pH

It is well known that the adsorption degree of ionic dyes 
onto the surface of adsorbent is primarily affected by the 
surface’s charge on the solid adsorbent that is affected by 
the pH of solution. Figure 3b portrays the pH effect on the 
MB removal percentage by AC, NZ, and NZAC, where 
R% increased from 21, 5, 10% to 83, 60, 90% by 4, 12, 9 
times for AC, NZ, and NZAC, respectively through pH 
range from 2 to 12. The increment in MB adsorption with 
increasing pH values is owing to the increment in electro-
static attraction between the negatively charged adsorbent 
surface and positively charged MB and the reduction in the 
protonation of surface of adsorbent with increasing pH val-
ues more than  pHPZC (7.39, 7.04, and 7.80 for AC, NZ, and 
NZAC, respectively). The increase of removal percent of 
MB is slowdown at pH values ˃ 8. Equilibrium pH occurred 
at pH ˃  pHPZC. Lower removal of methylene blue in acidic 
solution may be due to the protons competition with MB 
dye for the available active adsorption sites [53].

3.2.3  Effect of shaking time and kinetic studies

An important aspect of determining the equilibrium time 
and adsorption kinetics is the impact of shaking contact 
time on the removal of organic hazardous bulky contami-
nants by adsorption. The plot between the shaking time 
and the adsorbed mass of methylene blue (qt, mg/g) at 30 
℃ in the range of 0.4 to 24.0 h is depicted in Fig. 3c. It was 
observed that the adsorption rate is extremely fast in the 
first 10 h because of the availability of active surface sites 
onto the prepared samples [54]. Methylene blue adsorption 
enhanced until the equilibrium time was occurred after 
16 h for AC and NZAC while after 13 h for NZ and that is 
related to the lower surface area of NZ, where the adsorp-
tion capacity increased by 4.5, 4.5, and 3.1 folds for AC, 
NZ, and NZAC, respectively through the equilibrium time. 
After the equilibrium time, the adsorption rate decreased 
owning to the saturation of surface of adsorbent and the 
completeness of monolayer of methylene blue dye onto the 
surface. Figure 3d–f shows PFO (Eq. 4), PSO (Eq. 5), and 
Elovich (Eq. 6) kinetic models and kinetic parameters for 
methylene blue adsorption are listed in Table 2. Whereby 
the results in Table 2, (i) methylene blue adsorption onto 
the solid samples was not fitted by pseudo-first-order 
model according to the high variation between the adsorp-
tion capacities (qm) of Langmuir and calculated values 

Fig. 2  SEM and TEM images 
for AC, NZ, and NZAC, respec-
tively
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(qexp) (30.3, 37.3, and 27.2% for AC, NZ, and NZAC, 
respectively); however, the correlation coefficients (R2) 
(0.9744–0.9948) are high. (ii) PSO kinetic model applied 
well the MB adsorption onto all the prepared solid adsor-
bents based on the small variation between qexp and qm 
values (0.2, 7.6, and 4.0% for AC, NZ, and NZAC, respec-
tively) besides the high R2 (0.9867–0.9939). (iii) The PSO 
rate constants (k2) follow the sequence NZ ˃ AC ˃ NZAC 
(1.17 ×  10−3, 9.18 ×  10−4, and 7.16 ×  10−4 g/mg.h, respec-
tively), indicating the higher attraction binding between 
the surface functional groups onto NZ and the cationic 
MB dye. (iv) Correlation coefficients (˃ 0.9852) of Elovich 
kinetic model affirmed its best fitting for MB adsorption. 
The initial rate (α) values follow the trend NZAC ˃ AC ˃ 
NZ, revealing the increment in the adsorption capacity, 
and β trend (NZ ˃ AC ˃ NZAC) concurred with the trend of 
PSO rate constant (k2) values confirmed the completeness 

of surface coverage onto NZ firstly due to its lower surface 
area and chemical functional groups.

3.2.4  Effect of temperature and adsorption isotherms

Adsorption isotherms play an essential role to investigate 
the maximum adsorption capacities. Adsorption isotherms 
link the adsorbed MB amounts to the remaining MB concen-
tration in an aqueous solution and determine the adsorbent 
capacity and the adsorbate affinity to the solid adsorbent 
surface. Effect of various temperatures (20, 30, and 40 ℃) 
was studied for methylene blue adsorption onto the solid 
adsorbents (AC, NZ, and NZAC) at pH 7, 35–540 mg/L of 
initial MB concentration, adsorbent dosage of 1 g/L, and for 
24 h of contact time as displayed in Fig. 4a–c. Figure 4a–c 
illustrates that at the beginning of the initial increase in 
MB concentration, there is highly obvious increment in 

Fig. 3  Effect of adsorbent 
dosage (a), pH (b), shaking 
time (c), pseudo-first-order (d), 
pseudo-second-order (e), and 
Elovich (f) plots for the MB 
adsorption onto AC, NZ, and 
NZAC



17227Biomass Conversion and Biorefinery (2024) 14:17219–17233 

1 3

the adsorption capacities (qe, mg/g) and started to remain 
stable at a higher initial MB concentrations because of the 
completeness of surface coverage. Several adsorption iso-
therm models (Langmuir, Freundlich, and Temkin models, 
Eqs. 7, 9, and 10, respectively) were studied to investigate 
the adsorption isotherm data as analyzed in Table 3.

Langmuir isotherm model describes the adsorbent 
atoms’ monolayer retention on a uniform surface. Based 
on the higher regression coefficients (R2, 0.9814–0.9974), 
Langmuir adsorption model matched well with the MB 
adsorption onto the prepared samples as shown in Fig. 4d–f. 
Adsorption capacities of NZAC ˃ AC ˃ NZ at all the tem-
peratures are related to the modification of activated car-
bon with nano zinc oxide and increase of several chemical 
functional groups onto NZAC surface, besides the higher 
specific surface area of NZAC. The improvement of adsorp-
tion capacity with increasing temperature from 20 to 40 ℃ 
testified the endothermic process of MB adsorption onto AC, 
NZ, and NZAC. Langmuir binding values (b, L/mg) were 
promoted with temperature and follow sequence NZAC ˃ AC 
˃ NZ, indicating the higher attraction force between NZAC 
and MB dye, especially at higher temperature [55]. The RL 
values (0.014–0.119) calculated from Eq. 8 reveal the highly 
favorable MB adsorption onto the prepared adsorbents.

Freundlich isotherm plots of AC, NZ, and NZAC for 
the MB adsorption at different temperature are depicted in 
Fig. 5a–c. Adsorption of methylene blue follows well Fre-
undlich model according to the higher R2 values (˃ 0.9689) 
upon the data in Table 3. The KF values increased with rais-
ing temperature for all the adsorbents as with adsorption 
capacity of Langmuir. Also, the values of 1/n (˂1) indicated 
the physical methylene blue adsorption onto NZ, AC, and 
NZAC. The decrease in adsorption intensity (1/n) with 

temperature achieved the enhancement of surface heteroge-
neity. Furthermore, 1/n values (0.1 ˂ 1/n ˂ 1.0) ranged from 
0.1319 to 0.6996 verified the MB adsorption favorability 
[56].

Figure 5d–f displays the plots of Temkin isotherm model 
for MB adsorption onto AC, NZ, and NZAC at 20, 30, and 
40 ℃ and the findings are listed in Table 3. The best descrip-
tion of Temkin model for MB adsorption demonstrated from 
the higher R2 values (0.9238–0.9871). The increment of 
Temkin constant (KT) values with the increase in tempera-
ture assessed the endothermic process of MB adsorption 
[57]. The Temkin constant (bT) values (32.45–58.37 J/mol) 
confirmed the physical adsorption (bT ˂ 8000 J/mol) of MB 
onto the solid adsorbents [58].

3.2.5  Thermodynamic study

Thermodynamic parameters (∆H°, ∆S°, and ∆G°) were 
calculated in Eqs. 12–14, and their outcomes are found in 
Table 2. Upon inspection of the findings in Table 2, (i) the 
increase in methylene blue randomness close to the solid 
surface throughout the adsorption process is shown by the 
positive entropy change values (0.0243–0.0316 kJ/mol. K). 
(ii) The positive ∆H° values (3.561–7.095 kJ/mol) prove 
the endothermic process of MB adsorption onto the studied 
solid adsorbents. Moreover, the enthalpy change values (˂ 
40 kJ/mol) assert the physisorption of MB [59]. (iii) The 
adsorption process’ spontaneity and viability at the exam-
ined temperatures onto all of the samples are confirmed 
by the negative free energy change values. The promotion 
of negativity of ∆G° values with the temperature reflects 
the improvement of adsorption at higher temperature. (iv) 
The estimated ∆G° values (− 2.1638 to − 4.0449) exhibit 

Table 2  Kinetic parameters 
of pseudo-first-order, pseudo-
second-order, Elovich, and 
thermodynamic parameters for 
the MB adsorption onto the 
surface of AC, NZ, and NZAC 
at 30 °C

Solid samples Parameters AC NZ NZAC
qm (mg/g) 380.23 315.46 434.78

PFO qexp(mg/g) 265.07 197.90 316.67
k1(h−1) 0.1278 0.0978 0.1456
R2 0.9948 0.9900 0.9744

PSO qexp (mg/g) 379.36 291.26 452.49
k2 (g/mg.h) 9.18 ×  10−4 1.17 ×  10−3 7.16 ×  10−4

R2 0.9939 0.9921 0.9867
Elovich α (mg/g.h) 238.45 116.18 246.66

β (g/mg) 0.0124 0.0168 0.0096
R2 0.9975 0.9942 0.9852

Thermodynamic 
parameters

R2 0.9763 0.9856 0.9676
ΔH° (kJ/mol) 5.128 7.095 3.561
ΔS° (kJ/mol. K) 0.0278 0.0316 0.0243
ΔG° (kJ/mol) 20 °C  − 3.0174  − 2.1638  − 3.5589

30 °C  − 3.2954  − 2.4798  − 3.8019
40 °C  − 3.5734  − 2.7958  − 4.0449
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Fig. 4  Adsorption isotherms 
of MB (a, b, and c) and linear 
Langmuir plots (d, e, and f) for 
AC, NZ, NZAC, respectively at 
20, 30, and 40 ℃

Table 3  Parameters of 
Langmuir, Freundlich, and 
Temkin for MB adsorption onto 
AC, NZ, and NZAC at 20, 30, 
and 40 °C

Samples AC NZ NZAC

20 °C 30 °C 40 °C 20 °C 30 °C 40 °C 20 °C 30 °C 40 °C

Langmuir parameters
qm (mg/g) 358.42 380.23 398.41 306.75 315.46 353.36 420.17 434.78 456.62
b (L/mg) 0.078 0.098 0.107 0.025 0.032 0.036 0.170 0.209 0.230
RL 0.041 0.033 0.030 0.119 0.083 0.092 0.019 0.016 0.014
R2 0.9852 0.9896 0.9952 0.9814 0.9922 0.9967 0.9939 0.9974 0.9969
Freundlich parameters
1/n 0.2924 0.2694 0.2580 0.6996 0.4689 0.4651 0.1969 0.1644 0.1319
KF 83.34 106.86 112.81 10.89 29.57 32.81 164.22 198.79 240.92
R2 0.9892 0.9868 0.9920 0.9790 0.9802 0.9689 0.9924 0.9955 0.9764
Temkin parameters
KT (L/g) 1.90 3.00 3.31 0.25 0.34 0.35 16.41 40.49 178.52
bT (J/mol) 45.35 45.85 39.26 34.87 38.35 32.45 45.44 50.36 58.37
R2 0.9238 0.9348 0.9854 0.9825 0.9756 0.9871 0.9697 0.9801 0.9506
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Fig. 5  Linear Freundlich (a, b, 
and c) and Temkin (d, e, and 
f) plots for the MB adsorp-
tion onto AC, NZ, and NZAC, 
respectively at 20, 30, and 40 ℃

Fig. 6  Van’t Hoff plot (a) and 
MB desorption from AC using 
different eluents (b)
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the physisorption process of MB onto the solid samples, 
whereby ∆G° values range of physisorption and chemisorp-
tion (0 to − 20 and − 400 to − 80 kJ/mol, respectively) [60]. 
(v) Van’t Hoff plot (Fig. 6a) describes well the MB adsorp-
tion upon the higher R2 values (˃ 0.9676). It can be con-
cluded that ∆G° values of NZAC ˃ AC ˃ NZ verify the best 
spontaneity and feasibility of MB adsorption onto NZAC 
surface. ∆H° and ∆S° values of NZ ˃ AC ˃ NZAC agreed 
with the trend of β and k2 values, testify the highly endo-
thermic and random nature of adsorption process onto NZ 
surface.

3.3  Desorption study

Figure 6b portrays the desorption percent, calculated by 
Eq. 15, of MB from AC surface by utilizing various elu-
ents. It was obvious the desorption% for 0.01 mol/L HCl 
˃ ethanol ˃ propanol ˃ distilled water (87, 40, 35, and 25%, 
respectively). That is related to the higher acidity and polar-
ity of inorganic eluents, whereby HCl ˃ ethanol ˃ propanol ˃ 
distilled water in acidity and polarity, releasing more protons 
in solution that compete with cationic MB for the adsorption 
onto AC surface and increasing the electrostatic repulsion 
between the MB and AC surface in presence of HCl.

3.4  Possible mechanism of MB adsorption on NZAC 
composite

The composite formed by the interaction of zinc chlo-
ride–activated carbon with zinc oxide nanoparticles con-
tains several surface chemical functional groups that can 
interact with the heteroatoms of MB molecules. A number 
of interactions coexisted during the challenging process of 
MB adsorption on NZAC. MB is an electrostatically adsorb-
able cationic dye that may be applied to negatively charged 
surfaces [61]. Between the hydrogen from composite and 
the nitrogen from MB, a hydrogen bonding contact was cre-
ated. Most adsorption systems typically contain hydrogen 
bonds, which are referred to as non-electrostatic bonding 
[62]. Additionally, despite being suitable planer molecules, 
MB molecules can be readily adsorbed by NZAC due to 
interactions between their aromatic backbones.

3.5  Comparison of NZAC with other solid 
adsorbents

The maximum adsorption capacity of NZAC as a solid 
sample for MB adsorption in comparison with that of the 
other adsorbents is shown in Table 4 [1, 4, 12, 14, 34, 50, 
54–56, 60, 63]. Based on its greater surface area, the results 
in Table 4 show that NZAC is a viable solid adsorbent for 
the removal of methylene blue from wastewater.

4  Conclusion

The present work depicts that date palm fronds were uti-
lized to prepare a new bioactivated carbon and its com-
posite. NZAC demonstrated high thermal stability up to 
200 °C, high surface area (2085.47  m2/g), pore radius of 
0.921 nm, micropore volumes of 0.694  cm3/g  pHPZC of 
7.80, several chemical functional groups including − OH, 
C = O, and ZnO stretching vibration modes, and effective 
binding between AC and NZ nanoparticles. NZAC showed 
the higher Langmuir adsorption capacities for methylene 
blue dye and enhanced with temperature (420.17, 434.78, 
and 456.62  mg/g at 20, 30, and 40 ℃, respectively). 
Thermodynamic and kinetic studies testified the best fit-
ting for NZAC of Van’t Hoff, PSO, and Elovich models 
(R2 = 0.9676, 0.9867, and 0.9852, respectively) with endo-
thermic nature, physisorption, and spontaneous process. 
Hydrochloric acid attained the higher desorption percent 
(87%) compared with the other eluents. The previous 
consequences reveal the excellent adsorption nature and 
unique properties of NZAC in the treatment of wastewater.
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