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Abstract
Herein, a novel, green, and sustainable  MoO3/ZIF-67/AmGO composite has been fabricated for the removal of notorious 
o-nitrophenols (o-NPs) from wastewater. Atriplex halimus L. (saltbush) served a dual function where the plant extract was 
used for the synthesis of molybdenum trioxide  (MoO3) NPs, while the spent biomass-derived biochar was utilized as feedstock 
to produce green graphene oxide (GO). Ultimately, the  MoO3/ZIF-67/AmGO composite was in situ fabricated by mixing 
 MoO3 and AmGO with ZIF-67 during its preparation by the self-templating approach. Remarkably, the adsorption of o-NP 
onto  MoO3/ZIF-67/AmGO attained equilibrium in just less than 10 min. The kinetics and isotherms analyses verified that 
the o-NP adsorption onto  MoO3/ZIF-67/AmGO adhered to the Pseudo-2nd-order and Freundlich models, with a consistent 
 qmax value of 500 mg/g. A conceivable adsorption mechanism was investigated in detail. Moreover, the ionic strength test 
implied the impact of the salting-out phenomenon in boosting o-NP adsorption. The eco-friendly  MoO3/ZIF-67/AmGO 
proves to be a sustainable adsorbent, displaying excellent recyclability in consistently removing o-NP across multiple cycles.
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Introduction

Indubitably, water pollution is a major environmental con-
cern that should be scrutinized since anthropogenic activi-
ties release a variety of contaminants, such as heavy metals, 
dyes, aromatic compounds, and fertilizers (El-Subruiti et al. 
2019; Rafi et al. 2018). Aromatic compounds, especially 
phenolic compounds, are vastly employed in bountiful 
industrial processes, including plastics, pigments, pesticides, 
petroleum industries, etc. (Koubaissy et al. 2011). None-
theless, the accumulation of these phenolic compounds in 
water causes deleterious health concerns for humans, ani-
mals, and aquatic life since they are mutagenic and carci-
nogenic. Hence, the World Health Organization specifies a 
maximum allowable level of phenol in drinking water of 2 
mg/L (Tabana et al. 2020).

Nitrophenols are phenolic compounds that are drained 
during processing in several industries, comprising medi-
cines, dyes, explosives, and herbicides. Nitrophenols such 
as o-NP suffer limited degradability and high solubility in 
water; therefore, o-NP exists with over concentrations in the 
contaminated water bodies by industrial wastes. Besides, 
o-NP can cause significant odor and taste issues in water 
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and constitute a risk to people even at low doses (Aazza 
et al. 2017). There are various methods for facing the actual 
jeopardy of o-NP, including the Fenton process, membrane 
filtering, electrochemical approaches, biodegradation, and 
adsorption (Abd El-Monaem et al. 2023a, b, c). Notewor-
thy, adsorption is still the most convenient strategy for rem-
edying wastewater from prejudicial industrial wastes, with 
outstanding benefits comprising, low capital cost, availabil-
ity, facile operation, and energy saving (Demirbas 2008). 
Nevertheless, the adsorption technique suffers the main bot-
tleneck since it does not eliminate contaminants, rather, it 
transports them from wastewater to the adsorbent surface 
(Bestawy et al. 2020; Qin et al. 2023b). Hence, myriad sorts 
of adsorbents have continuously evolved to outdo the jeop-
ardy of the notorious o-NP, such as biochar (Pauletto et al. 
2021), graphene derivatives (Severo et al. 2023), zeolites 
(Pham et al. 2016), metal oxide nanoparticles (Aazza et al. 
2017), layered double hydroxide (Sellaoui et al. 2021) and 
metal–organic frameworks (MOFs) (Chen et al. 2017). Since 
the preceding adsorbents require a long adsorption period 
to attain equilibrium, they raise the cost of the adsorption 
process and limit their large-scale applicability. Therefore, 
it is necessary to develop highly efficient, eco-friendly, and 
sustainable o-NP adsorbents.

Zeolitic imidazolate frameworks (ZIFs), a subtype of 
metal–organic frameworks (MOFs), are built from coordi-
nated transition metal ions with organic imidazole and have 
analogous structures to zeolites. However, the ZIFs con-
figuration contains imidazole substitute oxygen instead of 
silicon in the case of zeolite. Interestingly, ZIFs are distin-
guished with propitious properties, including extraordinary 
mechanical stability, ultrahigh chemical stability owing to 
metal-nitrogen bonding, and variable pore size and surface 
area (Cheng et al. 2018). Specifically, ZIF-67 is a shining 
member of the ZIFs family, where it is prepared at a low 
cost, easy way using the self-templating method, in addition 
to its excellent adsorbent (Cui et al. 2019).

Metal oxide nanoparticles have lately acquired notable 
attention because they are low-cost and efficient adsorbents 
for wastewater remediation. Metal oxides exhibit distinctive 
physicochemical features like customizable form and size, 
plentiful surface-active sites, and chemically stable (Wang 
et al. 2020). Additionally, metal oxides contain diverse func-
tional properties depending on their composition, crystal 
structure, shape, doping, inherent defects, etc. Metal oxides 
are composed of varied shapes like particles, tubes, and 
sheets (Ghosh et al. 2022). Numerous chemical and physi-
cal approaches have been used for fabricating nanoparticles, 
however, these methods are costly, energy-intensive, and 
harmful to the environment (Hanlon et al. 2014; Masjedi-
Arani et al. 2020; Wang et al. 2018; Yadav et al. 2012). On 
the other hand, the biosynthetic strategy, in particular using 
plant extract is a rapid, safe, eco-friendly, and inexpensive 

way to fabricate nanoparticles owes to the presence of 
numerous photoactive ingredients in plant extracts that func-
tion as both reducing and stabilizing agents (Hosny et al. 
2022). One of these notable metal oxide nanoparticles is 
molybdenum trioxide nanoparticles, which possess three dif-
ferent types: hexagonal (h-MoO3), orthorhombic (α-MoO3), 
and monoclinic (β-MoO3). Among them, the stable and eco-
logically safe (α-MoO3) has found widespread use in various 
applications such as adsorption, sensors, lithium-ion batter-
ies, catalysis, and solar cells (Hasan et al. 2021).

Significant global research has resulted in the develop-
ment of new carbon materials that have been successfully 
utilized in varied practical applications, comprising biosen-
sors, drug delivery, and wastewater treatment (Patel et al. 
2019). Because of the individual structural dimensions and 
exceptional mechanical, thermal, electrical, chemical, and 
optical properties of carbon materials, they are deemed 
the most adaptable materials for enhancing wastewater 
treatment processes. The most investigated carbon-based 
nanomaterials include carbon nanotubes, fullerenes, quan-
tum dots, and graphene derivatives such as graphene oxide 
(Piaskowski and Zarzycki 2020). In recent years, graphene 
oxide (GO) has exhibited significant advances in wide-
ranging applications, including catalysis, drug delivery, and 
sensors. In addition, GO has shown particular interest in 
wastewater purification owing to its large specific surface 
area, high adsorption capacity, and high level of mobility in 
solution (Dayana Priyadharshini et al. 2022). Notably, the 
amine group endows GO's superior adsorption aptitude in 
removing pollution from contaminated water (Huang et al. 
2020). Although plant-based GO was reported frequently by 
many researchers (Abdelfatah et al. 2022; El-Maghrabi et al. 
2021; Mahmoud et al. 2022a, b; Mahmoud et al. 2022a, b), 
no published data are available for the green synthesizes of 
AmGO. However, the use of plant biomass for the manufac-
turing of AmGO is an environment-friendly, cost-effective, 
and sustainable route.

In this context, our study intended to fabricate  MoO3/
ZIF-67/AmGO composite, from renewable and sustain-
able resources, for removing o-NP from aqueous media. It 
is noteworthy to mention that a lignin-rich Atriplex hali-
mus plant was used for the first time to fabricate GO and 
 MoO3. For the sake of having an extra amount of amino 
group, GO was aminated using ethylene diamine. Then, the 
green-synthesized  MoO3 and AmGO were mixed with the 
metal/ligand solution during the preparation of ZIF-67 via 
the green self-templating tactic. Thus, in situ fabricate the 
 MoO3/ZIF-67/AmGO composite. After performing a com-
plete characterization study of  MoO3/ZIF-67/AmGO, its 
adsorption efficacy was scrutinized in removing the persis-
tent o-NP from an aqueous medium. Moreover, the in-depth 
adsorption mechanism to the  MoO3/ZIF-67/AmGO/o-NP 
system was proposed based on kinetic, thermodynamic, and 
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isothermic studies; in addition, XPS analysis of the o-NP-
loaded  MoO3/ZIF-67/AmGO. Importantly, to confirm the 
viability of the green  MoO3/ZIF-67/AmGO composite, ionic 
strength, and recyclability tests were executed.

Experimental part

Materials

Text S1 compiles the chemicals used in the preparation of 
 MoO3/ZIF-67/AmGO composite.

Preparation of the Atriplex halimus extract

Atriplex halimus L. is a trifoliate perennial halophytic plant 
that survives harsh drought and salinity conditions. The 
extensive natural habitat of A. halimus spans Eurasia, the 
Middle East, and the Mediterranean basin (Walker and Lutts 
2014). A. halimus specimens were collected from their natu-
ral habitat in the Mediterranean coastal land of Egypt. A. 
halimus was cleaned, with deionized water, dried in the open 
air then placed in the oven at 60 °C till completely dried. 
Next, the dried plants were pulverized into a fine powder. 
About 5 g of the granulated plants was dipped into 100 mL 
distilled water and kept for 1 h at 80 °C. Eventually, the 
plant's extract was allowed to cool and then filtered using 
filter paper.

Preparation of  MoO3 nanoparticles

The fabrication of  MoO3 proceeded by co-precipitation 
approach as follows; 0.01 M of aqueous  (NH4)6Mo7O24·4H2O 
solution was slowly dropped into 50 mL of plant extract. The 
pH of the Mo-precursor/plant extract solution was adjusted 
to 10 using NaOH. Next, the suspended particles were 
stirred for 2 h, purified with deionized  H2O and ethanol, 
and dried at 75 °C overnight. Eventually, the formed powder 
was pyrolyzed for 2 h at 600 °C.

Preparation of AmGO

Firstly, BC was fabricated by calcinating 10 g of A. hali-
mus powder at 350 °C for 45 min in a muffle furnace. Sec-
ondly, the green GO was synthesized via the Hummer process 
with some modifications (Abdelfatah et al. 2022). In 100 mL 
of concentrated  H2SO4, 2 g of A. halimus-based BC and 1 g 
of  NaNO3 under stirring at 5 °C. After adding 10 g  KMnO4, 
the reactants mixture was retained under stirring for another 1 
h. Next, the reaction temperature was elevated to 40 °C with 
continual stirring for 30 min. Then, 100 mL of deionized water 
was added to the reaction container, increasing its temperature 
to 90 °C for 2 h. To finish the reaction, 280 mL of deionized 

water followed by 30 mL of  H2O2 were dipped into the reac-
tion mixture. The brown product was allowed to settle over-
night before being washed three times with HCl (10%) and 
distilled water and drying overnight at 50 °C.

The amination of GO was performed based on the authors' 
previous method (Omer et al. 2022). 0.3 g of GO was diffused 
in 30 mL deionized water (solution A), and 0.2 mL EDA was 
added to 30 mL ethanol (solution B). Next, solutions A and B 
were combined, and the resulting solution was gently stirred 
for 24 h. After that, the product was centrifuged, washed with 
ethanol, and dried in an oven at 60 °C for 6 h.

Preparation of  MoO3/ZIF‑67/AmGO composite

MoO3/ZIF-67/AmGO was in-situ fabricated as follows; 0.1 
g of AmGO was sonicated in 125 mL methanol for 30 min, 
then 0.2 g of  MoO3 was mixed under vigorous stirring. After 
30 min, 2.12 g Co(NO3)2·6H2O, and 2.54 g (MeIm) were 
dipped into the AmGO/MoO3 mixture and stirred for 24 h. 
Ultimately,  MoO3/ZIF-67/AmGO was rinsed twice with meth-
anol and kept overnight in an oven at 60°C. Notably, ZIF-67 
was typically prepared by the former procedure, except the step 
involves adding AmGO and  MoO3.

The green-fabricated  MoO3/ZIF-67/AmGO composite and 
its authentic components were characterized by various tech-
niques, as explained in the supplementary Text S2.

Batch adsorption

Series adsorption tests proceeded to pick out the finest con-
ditions for the o-NP adsorption onto  MoO3/ZIF-67/AmGO 
composite. The pH influence was scrutinized in a pH range 
between 3 and 11. The leverage of the  MoO3/ZIF-67/AmGO 
dosage (0.005–0.02 g) was examined to choose the appropriate 
dose based on the environment and economic requirements. In 
addition, the impact of the process temperature on the o-NP 
removal aptitude was investigated at varied temperatures 
(25–55 °C). The effect of o-NP initial concentration on the 
removal ability of composite has been tested at a concentration 
range from 50 to 300 mg/L. The influence of the initial o-NP 
concentrations (50–200 mg/L) was studied. The remaining 
concentration of o-NP in the bulk solution was determined 
spectrophotometrically at 344 nm, then the adsorption aptitude 
(Eq. 1) and removal% (Eq. 2) were reckoned.

(1)qt =
(C

0
− Ct) × V

m

(2)R% =
C
0
− Ct

C
0

× 100
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The  Co symbol represents the initial o-NP concentration, 
while the final concentration denotes  Ct. The  MoO3/ZIF-67/
AmGO dosage is m, and the o-NP volume is V.

Ionic strength test

The ionic strength influence on the aptitude of o-NP adsorp-
tion was evaluated at a NaCl concentration range of 0.2–1 
mol/L. A certain weight of NaCl was mixed with the aque-
ous o-NP solution at a neutral pH, then the composite was 
added. After five min, a specimen was drawn to assess the 
concentration of unabsorbed o-NP.

Reusability test

To examine the durability of  MoO3/ZIF-67/AmGO, a five-
cycle regeneration test was performed in which the compos-
ite was separated from o-NP with neutral pH (pH 7) after 

five minutes, washed in 25 mL of 1M NaOH followed by 
water for o-NP desorption, and reused in the following cycle.

Results and discussion

Characterization of  MoO3/ZIF‑67/AmGO

The fabrication of the  MoO3/ZIF-67/AmGO composite, as 
illustrated in Fig. 1, was divided into two consecutive steps. 
Firstly, after sonicating AmGO to increase dispersion, green 
synthesized  MoO3-NPs were added.  MoO3-NPs interacted 
with OH and  NH2 presented in AmGO. Subsequently, ZIF-
67 precursors were added to the  MoO3-NPs/AmGO mixture 
and stirred for 24 h, resulting in the formation of ZIF-67 
crystals on the AmGO surface. Cobalt ions in ZIF-67 and 
oxygen and nitrogen atoms in AmGO are bound together via 
a coordination bond. Furthermore, there is a π-π stacking 

Fig. 1  Preparation scheme for the fabrication of  MoO3/ZIF-67/AmGO composite
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interaction between the aromatic imidazole rings of ZIF-67 
and the π-electrons of the AmGO's aromatic rings.

FTIR

For identifying functional groups in the green-fabricated 
 MoO3/ZIF67/AmGO, the composite, and its authentic com-
ponents were analyzed via FTIR (Fig. 2A). The GO spec-
trum clarified the related bands to epoxy, C–O, C=O, and 
C–OH at wave numbers 1044, 1625, 1724, and1372  cm−1, 
respectively (Abd El-Monaem et al. 2023a, b, c). The AmGO 
spectrum denoted the successful amination of GO, where the 
belonging bands to C–N and N–H emerged at 1450 and 1520 
 cm−1. Additionally, it was noticed that the C=O absorb-
ance peak vanished. The OH groups of GO and AmGO 
are responsible for the wide band at 3000–3300  cm−1 (El-
Monaem et al. 2021). The  MoO3 spectrum elucidates a peak 
at 3306  cm−1 belonging to the H–O–H bending (Gowtham 
et al. 2018). The band at 811 and 674  cm−1 is assigned to 
Mo–O–Mo and Mo–O, respectively, while the related band 
to Mo=O is located at 855  cm−1 (Gowtham et al. 2018). 
The bands at 641, 594, and 545  cm−1 are attributed to the 
oxygen-containing atoms in  MoO3 [26]. The C–O and C–N 
of A. halimus emerged at 1108 and 1197  cm−1, respectively 
(Abdelfatah et al. 2022). For the ZIF-67 spectrum, the bands 
ranging from 600 to 1500  cm−1 are assigned to the imidazole 
ring bending and stretching modes. The stretching mode of 
C=N appeared at 1569  cm−1, and the C–H stretching in the 
aliphatic chain and aromatic ring manifested at 2920 and 
3180  cm−1 (Tang et al. 2018). The peak at 424  cm−1 belongs 
to Co–N in ZIF-67 (Zhang et al. 2021). The  MoO3/ZIF-67/
AmGO spectrum represents the distinctive peaks of ZIF-67, 
 MoO3, and AmGO, implying a well combination between 
these components.

XRD

The XRD patterns of GO, AmGO,  MoO3, ZIF67, and  MoO3/
ZIF67/AmGO are provided in Fig. 2B. The GO pattern illus-
trates its distinctive XRD peak located at 10.25°, whereas the 
AmGO pattern discloses three peaks at 10.33°, 26.17°, and 
42.71°, denotes occurring the amination process of GO (Bin 
Wang et al. 2011). The orthorhombic structure of  MoO3 NPs 
was inferred by the appearance of the distinguishing XRD 
peaks at 12.75°, 23.45°, 25.70°, 28.11°, 33.35°, 38.21°, and 
45.59°, which attributed to the (020), (110), (040), (021), 
(111), (060), and (200) planes, respectively (Eltaweil et al. 
2022). The existence of ZIF-67 distinctive peaks in XRD 
patterns at 7.80°, 10.41°, 2.75°, 15.51°, 17.06°, 18.04°, 
21.78°, 23.42°, 27.7°, and 29.09° demonstrates its well-
fabrication with no impurities (Shahsavari et al. 2022). The 
XRD pattern of the  MoO3/ZIF67/AmGO composite shows 
a noticeable diminution in the intensities of the belonging 
peaks to  MoO3 and ZIF-67, with a disappearance of some 
peaks. This observation owes to the amorphous nature of 
AmGO, and it implied the composite formation.

XPS

According to the XPS survey (Fig. 3A),  MoO3/ZIF-67/
AmGO composes of Mo3d, C1s, O1s, N1s, and Co2p. 
The two distinct peaks of the Mo3d spectrum belong to 
the  Mo+63d5/2 and  Mo+63d3/2, respectively (Fig. 3B). 
There are three carbon peaks; C–O, O–C=O, and C–C 
manifested at 285.26, 291.59, and 284.57 eV, respec-
tively (Fig. 3C) (Alharthi et al. 2023). The O1s spectrum 
(Fig. 3D) elucidates Mo–O in the α-MoO3 lattice and C=O 
bands at 530.3 and 531.3 eV (Li et al. 2020; Thomas et al. 
2021). The N1s peak that appeared at 398.8 eV belongs 

Fig. 2  A FTIR and B XRD of 
GO, AmGO,  MoO3, ZIF-67and 
 MoO3/ZIF-67/AmGO
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to Co–N, while the peak at 399.0 eV corresponds to N–H 
(Shin et al. 2023; Vinoth et al. 2017), and the peak at 
406.6 eV is assigned to N-graphitic (Fig. 3E) (Almheiri 
et al. 2019). The Co spectrum revealed the  Co2+ peaks at 
782.72 and 798.3 eV for  Co2+2p3/2 and  Co2+2p1/2, sub-
sequently, with the appearance of their satellite peaks at 
789.7 and 805.7 eV (Fig. 3F). In addition, the  Co2+ peaks 
at 780.85 eV for  Co2+2p3/2, and 796.68 eV for  Co2+2p1/2, 
along with their satellite peaks at 786.59 and 802.6 eV 
(Kitchamsetti et al. 2020).

SEM

The morphology of the pristine A.halimus biomass and the 
fabricated samples were investigated using SEM (Fig. 4). 
The SEM of Atriplex halimus shows a nonporous creased 
cellular morphology, while the SEM of plant-derived BC 
displays a flake-like structure. This morphology change 
is most likely due to the thermal degradation of chemical 
bonds at high pyrolysis temperatures during BC synthesis 
(Zhang et al. 2009). The SEM of the green-synthesized 
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GO elucidated a porous channel-like structure. The AmGO 
image revealed that the walls of the channel-like structure of 
GO became thinner with the appearance of some fractures 
on the surface, which corresponds to the incorporation of the 
amine group into GO. Furthermore, the SEM image for the 
green  MoO3NPs demonstrates the orthorhombic structure 
with an approximated average particle size between 30 and 
37 nm. The SEM image of ZIF-67 exhibits a rhombohedral 
dodecahedron crystal morphology. The SEM images of the 
 MoO3/ZIF-67/AmGO composite display the successful for-
mation of ZIF-67 and  MoO3-NPs crystals onto the AmGO.

Zeta potential measurements

The surface charge of the  MoO3/ZIF-67/AmGO compos-
ite was investigated using zeta potential, denoting that the 
 pHPZC was 6.4 (Fig. 5A). Hence, the net surface charge of 
 MoO3/ZIF-67/AmGO over pH 6.4 is negative, reflecting the 
favorability of the composite to adsorb cationic contami-
nants in an alkaline medium. Conversely,  MoO3/ZIF-67/
AmGO carried is rich with positive charges at pH below 
6.4. So, the composite possesses a superb aptitude to adsorb 
anionic pollutants. Notably, the  pHPZC is near 7, suggesting 
the zwitter character to  MoO3/ZIF-67/AmGO, giving merit 
to the composite that could adsorb the zwitter contaminants.

Optimization of the o‑NP adsorption process

Comparison test

A comparison test proceeded between the three fabri-
cated  MoO3/ZIF-67/AmGO composites and the authentic 

components to demonstrate the synergistic effect between 
these green components to boost the o-NP adsorption per-
centage (Fig. 5B). The removal efficiency of  MoO3, ZIF-
67, and AmGO were 59.55, 61.79, and 55.05%, and their 
adsorption capacities were 119.10, 123.59, and 199.98 
mg/g, respectively. Moreover, the removal aptitude of the 
composites with varied  MoO3: AmGO ratios (viz., 2:1, 1:1, 
and 1:2) toward o-NP was studied. The R% and the q of 
 MoO3/ZIF-67/AmGO composite with  MoO3: AmGO ratio 
2:1 were 79.77% and 159.55 mg/g, while in the case of 1:1 
ratio R% and q were 67.41% and 134.83 mg/g, and for ratio 
1:2, R = 71.91% and q = 143.82 mg/g, respectively. Based 
on these results, the  MoO3/ZIF-67/AmGO composite with 
 MoO3: AmGO ratios of 2:1 provided an enhanced adsorp-
tion% of o-NP, so it was opted for the rest of the batch study.

The influence of pH

In general, pH is a critical parameter that drastically impacts 
the adsorption aptitude inside the o-NP/MoO3/ZIF-67/
AmGO adsorption system. The pH influence on the o-NP 
uptake onto  MoO3/ZIF-67/AmGO composite was tested at 
wide pH ranges, as represented in Fig. 5C. The experimental 
findings implied that o-NP superior uptake onto  MoO3/ZIF-
67/AmGO was at pH 7. This observation can be attributed 
to the fact that the pKa of o-NP is 7.23 denotes that o-NP 
remains in the molecule form in the acidic and natural media 
(Liptak et al. 2002). Accordingly, there is no substantial 
electrostatic repulsion force exists between o-NP and  MoO3/
ZIF-67/AmGO that could affect the adsorption process. 
Therefore, the o-NP adsorption onto  MoO3/ZIF-67/AmGO 
depends on other physical and chemical interactions, such 

Fig. 4  SEM images of A A. halimus biomass, B A. halimus-derived BC, C GO, D AmGO, E  MoO3, F ZIF-67, and G  MoO3/ZIF-67/AmGO 
composite
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as H-bonding, π–π interaction, and electron donor–acceptor 
interaction. On the contrary, the R% and q of  MoO3/ZIF-67/
AmGO decrease as pH values increase over pH = 7. Such 
a diminution in the o-NP adsorption efficacy owes to the 
strong electrostatic repulsion forces between the anionic o-
NP molecules and the anionic adsorption sites on the  MoO3/
ZIF-67/AmGO surface (Abd El-Monaem et al. 2023b).

The influence of the  MoO3/ZIF‑67/AmGO dose

The  MoO3/ZIF-67/AmGO amount drastically influences the 
efficacy of adsorbing o-NP; therefore, the o-NP adsorption 
aptitude was examined using different amounts of  MoO3/
ZIF-67/AmGO (Fig. 5D). The results depicted that the R% 
of o-NP boosted from 63.82% using 0.005 g of the com-
posite to 95.05% when the dose elevated to 0.02 g. This 
enhancement in the o-NP removal efficacy owes to the 
increase in the active sites that participate in the adsorption 
process. On the contrary, the capacity of the adsorbed o-NP 
molecules dwindled from 255.28 to 95.05 mg/g, which may 
be attributed to the aggregation of the over amounts of com-
posite, causing a decline in the surface area.

The influence of the initial o‑NP concentration

The concentration influence on the efficacy of the o-NP 
adsorption onto  MoO3/ZIF67/AmGO was inspected at con-
centrations ranging from 50 to 300 mg/L. The adsorption 
capacity of  MoO3/ZIF-67/AmGO toward o-NP increased 

from 91.46 to 397.87 mg/g when raising the concentration 
from 50 to 300 mg/L (Fig. 6A). This increase could be due 
to the high o-NP driving force, outdoing the o-NP transfer 
resistance that prevents the particles' migration to  MoO3/
ZIF-67/AmGO composite (Eltaweil et al. 2023). On the con-
trary, the efficiency of the o-NP removal decreased from 
92.47 to 53.36%, which may be ascribed to the inadequacy 
in the adsorption groups of the  MoO3/ZIF67/AmGO com-
posite (Fig. 6B) (Omer et al. 2022).

The influence of the system temperature

The influence of temperature on the thermodynamic nature 
of the  MoO3/ZIF-67/AmGO/o-NP system was scrutinized 
(Fig. 6C). The acquired result revealed the endothermal 
adsorption nature of the  MoO3/ZIF-67/AmGO⁓o-NP system 
since q and R% increased from 159.15 mg/g and 79.77% to 
180.22 mg/g and 90.11% with elevating the system tempera-
ture from 25 to 55 °C, respectively. Such an amelioration 
in the o-NP removal efficacy is most probably due to the 
increased Brownian motion of o-NP at higher temperatures, 
which facilitates the adsorption process.

Isotherm study

An isotherm study was performed using Langmuir, Fre-
undlich, Temkin, and Dubinin-Radushkevich to define the 
interaction nature inside the  MoO3/ZIF-67/AmGO/o-NP 
system at equilibrium (Fig. 7A–D). Langmuir isotherm 

Fig. 5  A Zeta potential of 
 MoO3/ZIF-67/AmGO com-
posite, B Comparison study 
[pH = 6, T = 25 °C, m = 0.01 g, 
and Co = 100 mg/L], C the 
effect of pH [pH = 3–11, 
T = 25 °C, m = 0.01 g, and, 
Co = 50 mg/L], and D the 
effect of the  MoO3/ZIF-67/
AmGO dose [m = 0.005–0.02 g, 
T = 25 °C, pH = 6, and 
Co = 100 mg/L] on the adsorp-
tion of o-NP 
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assumes a monolayer adsorption process and that the adsor-
bent has a homogeneous surface in which all active sites 
require the same adsorption energy without interaction 
between adsorbed molecules (Cheng et al. 2022). Freundlich 

isotherm assumes a multi-layer adsorption process accom-
panied by physical interaction between adsorbed molecules. 
Freundlich assumes that adsorbent has a heterogeneous sur-
face with various kinds of active sites (Patel and Hota 2016). 

Fig. 6  A, B impact of o-
NP initial concentration 
[Co = 50–200 mg/L, T = 25 °C, 
pH = 6, and m = 0.01 g] on o-NP 
adsorption onto  MoO3/ZIF67/
AmGO composite C impact 
of temperature [T = 25–55 °C, 
pH = 6, Co = 50 mg/L, and 
m = 0.01 g] on o-NP adsorp-
tion onto  MoO3/ZIF67/AmGO 
composite
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Fig. 7  Isotherm model for o-NP 
adsorption onto  MoO3/ZIF-67/
AmGO. A Langmuir, B Freun-
dlich, C Temkin models, and D 
Dubinin-Radushkevich
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According to the Temkin isotherm, adsorption is a multi-
layer process that takes into account interactions between 
the adsorbent and the adsorbate (Qin et al. 2023a). The 
adsorption process on both homogeneous and heterogene-
ous surfaces may also be explained by the Dubinin-Radush-
kevich isotherm (Cheng et al. 2023). Table S1 summarizes 
the linear equations of the isotherms. The correlation coef-
ficient,  R2, is used as an index to assess the suitability of 
the isotherm models. The computed isotherm parameters 
demonstrated that Freundlich has a higher  R2 (0.98) value 
compared to that of the other three models as depicted in 
Table 1. This demonstrated the suitability of Freundlich to 
exemplify the uptake of o-NP onto  MoO3/ZIF-67/AmGO, 
indicating the occurrence of the physisorption of o-NP onto 
the composite surface. The n value of Freundlich displays 
the suitability of  MoO3/ZIF-67/AmGO to adsorb o-NP since 
it is larger than two. Based on Langmuir the  qmax of o-NP 
onto  MoO3/ZIF-67/AmGO composite attained 500 mg/g, 
reflecting the superior capacity of  MoO3/ZIF-67/AmGO 
to adsorb such phenolic compounds. The b value from the 
Temkin suggests that the adsorption of o-NP was via phys-
isorption since it is lower than 80 kJ/mol. Also, the E value 
of D-R implied proceeding physical interactions between 
o-NP and  MoO3/ZIF-67/AmGO.

Kinetic study

A kinetic study (Fig. 8A–C) was conducted on the acquired 
adsorption data to determine the rate and nature of o-NP 
adsorption onto  MoO3/ZIF-67/AmGO, whether it occurred 
by chemical or physical interactions. The Pseudo-1st-order 

assumes that the adsorption process is governed by physi-
cal interactions, whereas the Pseudo 2nd order supposed 
that chemical interactions are the controlling forces on the 
adsorption process (Ledesma et al. 2023). Elovich model is 
used to describe the chemisorption process and is applied to 
heterogenous surface adsorbents (Edet and Ifelebuegu 2020). 
Table S2 lists the linear kinetic expressions of Pseudo-1st-
order, Pseudo-2nd-order, and Elovich. The computed kinetic 
parameters are listed in Table 2. The kinetic analysis results 
demonstrated that the Pseudo-2nd-order model has a higher 
 R2 compared to the other two models. Additionally, the cal-
culated values  (qe,cal) of the Pseudo-2nd-order are closer to 
experimental values  (qe,exp) at the different concentrations 
of 50–300 mg/L. The Pseudo-2nd-order is therefore better 
describing the o-NP adsorption onto  MoO3/ZIF-67/AmGO, 
depicting that chemisorption is the key step in governing 
the adsorption rate. Moreover, the rate constant values of 
Pseudo-2nd-order  (k2) decreased as initial o-NP concen-
trations (50–300 mg/L) increased. This observation also 
emphasizes that chemisorption is the rate-limiting step in 
the adsorption process. The initial adsorption constant (h) 
of o-NP is higher than the rate constant  (k2) at concentra-
tions of 50–300 mg/L. These results indicate that the o-NP 
adsorption rate is faster at the beginning of the adsorption 
process, then consistently decreases with increasing adsorp-
tion time. Moreover, the Elovich model shows a high adsorp-
tion affinity of o-NP onto  MoO3/ZIF-67/AmGO since the 
o-NP adsorption rate (α) is much higher than the desorption 
rate (β).

Thermodynamics study

The thermodynamic nature of the  MoO3/ZIF-67/AmGO/o-
NP system was scrutinized using can't Hoff curve (Fig. 9A). 
Text S3 explained the thermodynamic expressions. The 
reckoned positive ΔS° reflected the randomness of the o-NP 
molecule's adsorption on the  MoO3/ZIF-67/AmGO surface 
(Table 3). The derived positive ΔH° inferred that the o-NP 
adsorption onto  MoO3/ZIF-67/AmGO is endothermic. Fur-
thermore, the spontaneity of the o-NP uptake was indicated 
by the computed negative ΔG° values at different system 
temperatures. It is observed that with increasing adsorption 
temperature the values of ΔG° decrease. This indicates that 
the o-NP adsorption on the  MoO3/ZIF-67/AmGO is facile 
at high adsorption temperatures. This finding is valuable in 
the real implementation process.

Adsorption mechanism

The promising aptitude of  MoO3/ZIF-67/AmGO during 
the removal process of o-NP from an aqueous medium, 
rendering the investigation of the adsorption mechanism 
is a significant point to denote the plenteous adsorption 

Table 1  Isotherm model 
parameters derived from 
Langmuir, Freundlich, Temkin, 
and Dubinin-Radushkevich 
for the adsorption of o-NP 
onto  MoO3/ZIF-67/AmGO 
composite

Isotherm models and param-
eters

Langmuir
q
max

(mg/g) 500
KL (L/mg) 0.048
R2 0.93
Freundlich
kf (L/mg) 59.89
n 2.035
R2 0.98
Temkin
KT(L/g) 1.28
B (J/mol) 92.68
b (KJ/mol) 0.26
R2 0.90
D-R
K
DR

2 × 10–6

E (KJ/mol) 0.500
R2 0.70
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sites-containing green-fabricated composite and their abili-
ties to grasp the o-NP molecules from wastewater. Firstly, 
the kinetic investigation implied the o-NP chemisorption 
onto  MoO3/ZIF-67/AmGO, while the isotherm study clari-
fied the presence of physical interactions inside the  MoO3/

ZIF-67/AmGO/o-NP system. Secondly, characterization 
analyses (XPS, ZP, and FTIR) were applied to identify the 
interactions between  MoO3/ZIF-67/AmGO and o-NP during 
the studied adsorption process. For FTIR, by comparing the 
authentic  MoO3/ZIF-67/AmGO with the used one, it was 
noticed manifesting a peak at 1502  cm−1, which belongs to 
N=O of o-NP, which infers occurrence of the o-NP adsorp-
tion onto the green composite (Fig. 9B). In addition, sig-
nificant diminution in the peaks’ intensity with a redshift, 
reflecting the contribution of the active adsorption groups 
of  MoO3/ZIF-67/AmGO in adsorbing o-NP. For ZP, it was 
evinced the negative influence of the electrostatic interaction 
for the existence of o-NP in a molecular form at pH < 7.23, 
while it becomes an anionic molecule when pH exceeds 
7.23. Meanwhile,  MoO3/ZIF-67/AmGO carried negative 
charges in the alkaline medium, thus repulsion forces gen-
erated in the  MoO3/ZIF-67/AmGO/o-NP system, resulting 
in a diminution in the removal efficacy of o-NP.

For XPS, the shifting of the belonging peaks to Co2p 
(Fig. 3F) and Mo3d (Fig. 3B) may be attributed to the 
coordination bonds formation between the metal species 
of  MoO3/ZIF-67/AmGO and the oxygenated functional 
groups of o-NP. Furthermore, the possibility of occurring 
e-donner/acceptor interaction between  MoO3/ZIF-67/AmGO 
and o-NP, where benzene ring, OH, and  NH2 (e-donner 
groups) of  MoO3/ZIF-67/AmGO could endow electrons to 
nitro group (e-acceptor group) of o-NP. Additionally, the 

Fig. 8  Kinetic model for o-NP 
adsorption onto  MoO3/ZIF-67/
AmGO. A Pseudo-1st-order, 
B Pseudo-2nd-order, and C 
Elovich models
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Table 2  Kinetic model parameters derived from Pseudo-1st-order, 
Pseudo-2nd-order, and Elovich for the adsorption of o-NP onto 
 MoO3/ZIF-67/AmGO composite

Kinetic models and parameters

Concentration (mg/L) 50 100 200 300
qe,exp (mg/g) 94.83 171.91 307.49 432.40
PFO
qe,cal (mg/g) 50.02 145.69 161.25 161.25
k1  (min−1) 0.29 0.34 0.320 0.327
R2 0.94 0.99 0.98 0.95
PSO
qe,cal (mg/g) 99.009 181.81 333.33 454.54
K2 (g/mg.min) 0.0127 0.0041 0.0033 0.0025
h (mg/g.min−1) 124.49 135.52 366.65 516.51
R2 0.99 0.99 0.99 0.99
Elovich
α (mg/g.min) 890.50 457.49 14,146.85 27,412.82
β (g/mg) 0.076 0.034 0.029 0.021
R2 0.89 0.90 0.96 0.96
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e-acceptor groups of  MoO3/ZIF-67/AmGO (COOH) could 
chelate electrons from the e-donner groups of o-NP (aro-
matic ring and OH). This suggestion was assured by the 
noticeable shift in the XPS peak position of both O1s and 
N1s spectra (Fig. 3D, E). Moreover, H-bonding is another 
pathway to adsorb o-NP onto  MoO3/ZIF-67/AmGO via 
the formed bonds between H-containing in  MoO3/ZIF-67/
AmGO and N- and O- of o-NP and vice versa. Besides, the 
aromatic rings in o-NP and  MoO3/ZIF-67/AmGO contribute 
to the o-NP adsorption by forming π–π interaction.

To sum up, the green  MoO3/ZIF-67/AmGO composite 
could adsorb o-NP onto its surface via bountiful pathways, 
comprising π–π interaction, e-donner/acceptor interaction, 
coordination bond, and H-bonding (Fig. 10). Conversely, 
electrostatic repulsion exhibited a negative influence on the 
adsorption process inside the  MoO3/ZIF-67/AmGO/o-NP 
system.

Removal of o‑NP from real wastewater

Samples of actual wastewater were collected from the 
industrial discharge of a paint manufacturing in Alexan-
dria, Egypt. The removal aptitude of o-NP by  MoO3/ZIF-67/
AmGO composite was evaluated as follows: soaking 0.01g 
of MoO3/ZIF-67/AmGO into 20 mL of the o-NP-containing 
actual wastewater. Table S3 lists wastewater characteristics 
before and after adsorption. The calibration curve showed 
that the o-NP concentration in the collected samples was 

about 55.4 mg/L. Although the composition of the actual 
wastewater is more complex than laboratory-prepared syn-
thetic solutions, o-NP rapidly adsorbed in the first 7 min 
of the adsorption process and slowly eliminated till 60 min 
(Fig. S1). With the increase in contact time, the efficiency of 
the o-NP removal increased from 83.65 to 89.29%, and the 
adsorption capacity increased from 98.65 to 105.25 mg/g, 
confirming the applicability of  MoO3/ZIF-67/AmGO com-
posite for o-NP removal from actual wastewater.

The effect of ionic strength

The ionic strength test was conducted using different con-
centrations of NaCl, as elucidated in Fig. 11A. A remarkable 
improvement in the R% of o-NP (65.28–71.79%) and the q 
130.56–143.59 mg/g) was observed by increasing the NaCl 
concentration from 0.2 to 1.0 Mol/L. This performance owes 
to the salting-out effect that could be explained by the dis-
ordering of the  H2O molecules in the existence of dissolved 
ions, declining the available cavities to accommodate o-NP. 
Thus, the solubility of o-NP diminishes, and the adsorb-
ability of the molecules directly increases (Tang et al. 2007).

Reusability study

Figure  11B elucidates the superior recyclability of the 
green-fabricated  MoO3/ZIF-67/AmGO composite, where 
it conserved its high capacity toward the o-NP adsorption 
(128.09 mg/g) after five cycles. This promising performance 
reflected the viability of the green-fabricated composite, 
which provides superb adsorption capacity, propitious recy-
clability, and super-fast adsorption, in addition to the eco-
friendly and low capital cost features.

Conclusion

In this research, a sustainable and renewable resource, 
A.halimus, was opted to synthesize MoO3/ZIF-67/AmGO 
composite for the first time. The ZP analysis demonstrated 

Fig. 9  A van't Hoff plot for 
o-NP adsorption onto  MoO3/
ZIF-67/AmGO composite, 
and B FTIR of  MoO3/ZIF-67/
AmGO before and after o-NP 
adsorption
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Table 3  Thermodynamic parameters for the adsorption of o-NP onto 
 MoO3/ZIF-67/AmGO composite

Thermodynamics parameters

Tempera-
ture (K)

ΔH (KJ/mol) ΔS (J/mol·K) ΔG (KJ/mol) R2

298 63.23 216.60 − 1.31 0.99
308 − 3.48
318 − 5.64
328 − 7.81
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that the  pHPZC of  MoO3/ZIF-67/AmGO was 6.4. FTIR, 
XRD, and SEM ensured the complete combination between 
 MoO3, ZIF-67, and AmGO to produce a composite. The 
data obtained from the adsorption experiment approved the 
quick (10 min) and higher aptitude of o-NP adsorption at 
pH 7, using 0.01 g of  MoO3/ZIF-67/AmGO. The recycla-
bility test reveals that  MoO3/ZIF-67/AmGO composite can 
be used for up to five cycles with high adsorption potential, 

128.09 mg/g. The isotherms and kinetics elucidated that the 
o-NP adsorption onto  MoO3/ZIF-67/AmGO fitted the Fre-
undlich and Pseudo-2nd-order, subsequently. The proposed 
mechanism for o-NP adsorption is designated by π–π inter-
action, e-donner/acceptor interaction, coordination bond, 
and H-bonding. Additionally, data from FTIR and XPS add 
more support to the assumed pathway. The high adsorption 
efficacy, recyclability, and green nature of  MoO3/ZIF67/

Fig. 10  Possible mechanism for o-NP adsorption onto  MoO3/ZIF-67/AmGO composite

Fig. 11  A effect of ionic 
strength [NaCl concentra-
tion = 0.2–1.0 mol/L, T = 25 °C, 
pH = 6, Co = 50 mg/L, and 
m = 0.01 g] on o-NP adsorp-
tion onto  MoO3/ZIF67/AmGO 
composite, B reusability study 
[NaOH concentration = 1 M, 
T = 25 °C, pH = 6, m = 0.01 g, 
and Co = 50 mg/L]
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AmGO composite make it an eco-friendly, and sustainable 
candidate for the remediation of toxic organic pollutants 
from wastewater.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13201- 024- 02194-3.
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