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A B S T R A C T   

A recyclable and magnetic nanocomposite was fabricated from biochar of potato peel (BPP), MnFe2O4, and ZIF-8 
(BET area: 174.92m2/g). The Cd2+ removal using BPP/MnFe2O4@ZIF-8 was maximized at pH 6, a temperature 
of 45 ◦C, and a time of 100 min. The capacity of Cd adsorption using BPP, BPP/MnFe2O4, and BPP/ 
MnFe2O4@ZIF-8 was computed to be 33.76, 45.02, and 80.52 mg/g, respectively. The influence of coexistence 
ions on cadmium elimination by BPP/MnFe2O4@ZIF-8 was explored. Shipbuilding wastewater was treated to an 
acceptable level using the nanocomposite. The Cd adsorption was endothermic and followed the pseudo-second- 
order (R2 > 0.98). Therefore, BPP/MnFe2O4@ZIF-8 is an affordable material for treating cadmium.   

1. Introduction 

Cadmium is a very toxic metal that enters the environment from the 
wastewater of industries such as electronics. The discharge of cadmium- 
containing wastewater into the environment is regulated by interna-
tional organizations due to its high toxicity [1]. 

Among cadmium elimination methods, surface adsorption has been 
considered by researchers due to advantages like wide access to different 
adsorbents, cost-effectiveness, high removal efficiency, and ease of 
operation [2]. One of the famous adsorbents is biochar, which has 
characteristics like high carbon, high stability, environmental friendli-
ness, and suitable active surface [3]. The pollutant adsorption capacity 
of biochar, therefore, its use in wastewater treatment is time-consuming. 
In this regard, biochar was conditioned by many materials to promote its 
performance [4,5]. Magnetizing biochar is a method to improve the 
efficiency of cadmium removal. Magnetic compounds widely affect the 
physical-chemical properties of biochar and can be easily and quickly 
isolated from treated solutions [6]. Transition metals or their oxides can 
be used to produce magnetic compounds, but the use of manganese 
ferrite nanoparticles (MnFe2O4) to remove pollutants from aqueous so-
lutions due to high sorption capacity, biocompatibility, chemical sta-
bility, and high magnetic sensitivity, high activity surface, presence of 
active functional groups on its structure, and suitable mechanical 

resistance has attracted wide attention [7]. 
Among metal-organic frameworks (MOFs), zeolite imidazolate 

frameworks-8 (ZIF-8) have been used in many fields [8] and also water 
and wastewater purification [9] [10–12]. ZIF-8 has a stable structure in 
ambient air and could eliminate various pollutants through the inter-
action of H2 and π-π bonds [13,14]. Modifying biochar with ZIF-8 ma-
terials and iron nanoparticles can improve the mass transfer capability 
and the mechanical structure stability. Further, iron nanomagnet par-
ticles make their applicability and separation from the purified solution 
easier [15]. 

In this research, the new magnetic composite of BPP/MnFe2O4@ZIF- 
8 was applied to remove cadmium (Cd2+) from water and shipyard 
wastewater. The properties of BPP/MnFe2O4@ZIF-8 were determined. 
The RSM-CCD approach was used to investigate the combined impact of 
effective parameters. The kinetic, thermodynamic, isotherm, reus-
ability, and adsorption mechanism of Cd2+ removal were also 
addressed. 

2. Experimental 

2.1. Materials 

The materials utilized in this research were Zn(NO3)2.6H2O (99%), 
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2-Methylimidazole (2-MIM, 99%), CH3OH (≥99.5%), Cd(NO3)2⋅4H2O 
(≥99% purity), NaOH (99.5%), HCl (37%), FeCl3.6H2O (≥98%), and 
Mn(NO3)2.6H2O (≥99%), which obtained from Merck Co., Germany. 
Potato peels were collected from local restaurants and used after 
washing. 

2.2. Synthesis of BPP/MnFe2O4@ZIF-8 nanocomposite 

To produce biochar of potato peel (BPP), potato peels were first 
washed with deionized water and put at 90 ◦C for 2 days to be fully 
dried. After drying, the potato peels were heated for 2 h at 500 ◦C in a 
thermal oven with a temperature rate of 5 ◦C/min and under an N2 gas. 
After the mentioned time, the prepared biochar was milled and stored in 
closed containers. 

To produce BPP/MnFe2O4, FeCl3.6H2O, and MnCl2.4H2O were used 
as precursors in the production of magnetic nanoparticles. For this aim, 
first, water containing Fe3+ and Mn2+ with a molar ratio of 2:1 was 
provided (200 mL). Then, 2 g of biochar was added to it and put in the 

ultrasonic bath for 50 min. After that, the desired mixture was subjected 
to continuous stirring at a temperature of 90–95 ◦C, and 5 M NaOH 
solution was added (50 mL) and stirred for 3 h. The BPP/MnFe2O4 was 
rinsed with deionized water and kept at 105 ◦C for 1 day. 

To modify the BPP/MnFe2O4 using ZIF-8 metal-organic framework 
(BPP/MnFe2O4@ZIF-8), a simple stirring method was used. Briefly, first, 
1.5 g of Zn(NO3)2.6H2O was dissolved in 100 mL of CH3OH, and then 1 g 
of BPP/MnFe2O4 was added and agitated for 30 min. Then, 100 mL of 
methanol solution (3% wt. of 2-MIM) was added to the above mixture 
and kept under continuous stirring for 24 h at 24 ◦C. BPP/MnFe2O4@-
ZIF-8 was separated from the methanol solution and placed under vac-
uum for 24 h at 80 ◦C to dry. The prepared BPP/MnFe2O4@ZIF-8 was 
powdered and tested in the cadmium removal. 

2.3. Optimizing the adsorption process using RSM-CCD 

This section is presented in the Supplementary section (including 
Table S1 and Table S2 in the Supplementary Information section). 

Fig. 1. (a) FTIR for fresh sample (BPP/MnFe2O4@ZIF-8) and their components (BPP and BPP/MnFe2O4) and used sample (BPP/MnFe2O4@ZIF-8-Cd2+), (b) XRD for 
fresh samples (BPP, MnFe2O4, ZIF-8, and BPP/MnFe2O4), (c) VSM for magnetized samples (MnFe2O4, BPP/MnFe2O4, and BPP/MnFe2O4), (d) Raman analysis for the 
biochar-contained samples (BPP and BPP/MnFe2O4), and (e) ‘Final pH-initial pH’ against initial pH for determination zero point charge (pHzpc). 
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3. Results and discussion 

3.1. Properties of adsorbents 

The FTIR spectrum for fresh and utilized BPP, BPP/MnFe2O4, and 
BPP/MnFe2O4@ZIF-8 is shown in Fig. 1a. In the wavenumbers of 
3384–3419 cm− 1, a broad peak has appeared in the samples, which can 
be caused by -OH [16]. In the desired samples, a low-intensity peak was 
observed at 2854–2927 cm− 1, which can be attributed to C–H [16]. 
Vibrations with different intensities have been observed at 1797, 
1629–1629, 1415–1420, and 1047–1100 cm− 1, which are related to 
C––O functional groups, amides (carbonyl stretching vibrations in pep-
tide bonds) [16], C–H, and C-O-C [17], respectively. Vibrations have 
appeared in BPP (at 720–863 cm− 1) are attributed to C–H vibrations. 
After modification of BPP using MnFe2O4 and ZIF-8 magnetic nano-
particles, new absorption peaks have observed at 594 and 426 cm− 1, 
which are related to Fe–O in MnFe2O4 and Zn–N in ZIF-8, respectively 
[17]. In addition, after modification of BPP using magnetic nano-
particles MnFe2O4 and ZIF-8, the situation of C–H in BPP changed from 
1415 to 1393 and 1420 cm− 1, respectively, which could be corre-
sponded to the interaction of magnetic MnFe2O4 and 2-MIM rings with 
BPP [18]. Change or disappearance of some absorption peaks after Cd2+

removal can correspond to the interaction and coverage of functional 
groups by Cd2+. 

The XRD findings are shown in Fig. 1b. In BPP, a broad peak has 
appeared at 2θ = 23.9◦, which is attributed to the crystalline phases 
(002) of the hexagonal lattice of graphite layers [19]. In addition, 
different peaks have appeared in BPP in the ranges of 20–45◦, which can 
be caused by MgCO3, CaCO3, Ca3(PO4)2, and CaO [20]. In MnFe2O4, 
peaks have appeared at 5–80◦, indicating the presence of crystal phases 
(111), (220), (311), (400), (422), (333), and (440) in the desired 
nanoparticle structure [21]. Also, in ZIF-8, peaks have appeared at 
5–30◦, which shows the existence of different crystal phases that confirm 
the successful synthesis of ZIF-8 [13]. After the formation of the BPP/ 
MnFe2O4@ZIF-8, a peak related to BPP, MnFe2O4, and ZIF-8 appeared, 
which shows that the desired magnetic nanocomposite has been 
generated and the constituents have an interaction with each other. 

Vibrating sample magnetometer (VSM) analysis was conducted to 
explore the behavior and magnetic properties of MnFe2O4, BPP/ 
MnFe2O4, and BPP/MnFe2O4@ZIF-8 samples and the findings are shown 
in Fig. 1c. As the findings show, the saturation value of magnetism for 
the samples of MnFe2O4, BPP/MnFe2O4, and BPP/MnFe2O4@ZIF-8 were 
determined to be 47.83, 35.74, and 24.66 emu/g, respectively. In 
addition, the results showed that the magnetic saturation value for BPP/ 
MnFe2O4@ZIF-8 is lower compared to the other two materials, which is 
caused by the presence of non-magnetic particles of BPP and ZIF-8. 
Nevertheless, the determined magnetic saturation value ensures that 
the BPP/MnFe2O4@ZIF-8 can be separated from the water media in <2 
min [22], which is an encouraging result for the rapid separation and 
reuse of the BPP/MnFe2O4@ZIF-8 magnetic nanocomposite in the field 
of wastewater works. Further, the obtained VSM spectrum for all three 
samples has the coercive force and magnetization remanence, which 
indicates the superparamagnetic properties of the samples [23]. 

Raman spectroscopy for samples of BPP and BPP/MnFe2O4@ZIF-8 
has been performed at 500–2000 cm− 1 to investigate the graphite 
structure and the interaction between the components of the magnetic 
nanocomposite structure (Fig. 1d). In the structure of BPP, two peaks 
with high intensity have appeared at 1361 and 1582 cm− 1, which show 
D (disordered carbon atom, sp3) and G (corresponding to an ordered 
carbon atom, sp2) bands, respectively [24]. The range of D and G peaks 
in the BPP structure changed to 1332 and 1574 cm− 1, respectively, after 
modification using MnFe2O4 and ZIF-8, which can be caused by the 
placement of MnFe2O4 and ZIF-8 in BPP. Also, in the Raman spectrum of 
BPP/MnFe2O4@ZIF-8 magnetic nanocomposite in the range of 500- 
1000 cm− 1 and 1400 cm− 1, peaks were observed that were not present 
in the BPP structure. These peaks can be caused by Eg, T2g, and A1g states 

of inverted spinel compounds in the structure of MnFe2O4 [21] and ZIF- 
8 [25]. 

The solution pH affects the concentration of surface charges of the 
adsorbent, and consequently the efficiency of the adsorption process. 
Therefore, the positive or negative surface charge of adsorbents at 
different pH should be determined. For this purpose, pHzpc is required, 
the results of which are shown in Fig. 1e. Based on the results, the value 
of pHzpc for BPP, MnFe2O4, and BPP/MnFe2O4@ZIF-8 samples was 
determined to be 6.04, 7, and 6.38 respectively, which shows that the 
mentioned samples have negative and positive charges at solution pHs 
higher and lower than pHzpc, respectively. 

N2 adsorption-desorption isotherms at 77 K were investigated to 
determine the specific surface, pores volume, and pores diameter of BPP, 
ZIF-8, BPP/MnFe2O4, and BPP/MnFe2O4@ZIF-8 magnetic nano-
composite (Fig. S1). The value of the specific surface area for BPP, ZIF-8, 
BPP/MnFe2O4, and BPP/MnFe2O4@ZIF-8 was 1.40, 1063.6, 109.35, 
and 174.92m2/g, respectively. It was determined that the presence of 
MnFe2O4 and ZIF-8 nanoparticles improved the surface area of BPP. 
Also, the average pore diameter for BPP has calculated at 103.27 nm, 
which confirms that BPP is macroporous, while the average pore 
diameter in ZIF-8 was computed at 1.63 nm, which reveals the very few 
mesoporous natures of ZIF-8. ZIF-8 has a microporous structure in pre-
vious studies [13]. After modification of BPP by using magnetic nano-
particles MnFe2O4 and ZIF-8, the pores in BPP changed from macropore 
to mesoporous, which indicates that magnetic nanoparticles MnFe2O4 
and ZIF-8 were embedded on BPP. The results showed that the modifi-
cation of BPP using BPP/MnFe2O4 magnetic nanoparticles and ZIF-8 
improved the pores volume in BPP. Based on the nitrogen adsorption- 
desorption isotherm and the IUPAC standard, BPP, ZIF-8, BPP/ 
MnFe2O4, and BPP/MnFe2O4@ZIF-8 are belonged to type II [26], type I 
[27], type IV, and type IV [28], respectively. 

SEM-EDX and dot-mapping tests are shown in Fig. S2. Based on the 
results, there are large pores on the surface of the BPP sample (Fig. S2A), 
which is in good agreement with the BET results and confirms the ex-
istence of the macropore structure of the BPP sample. In addition, in the 
structure of BPP, there are elements of carbon, oxygen, phosphorus, and 
calcium, most of which is carbon (Fig. S2B–C) and it shows that BPP is 
composed of graphite layers and is consistent with the results of Raman 
analysis. After modifying BPP using MnFe2O4, particles of different sizes 
appeared on the BPP surface and the macropores in BPP almost dis-
appeared, which could be due to the placement of MnFe2O4 magnetic 
nanoparticles in the macropores (Fig. S2D). To confirm the formation of 
MnFe2O4 in the BPP structure, Map-EDX analyses confirmed the pres-
ence of Mn and Fe elements in BPP (Fig. S2E–F). BPP/MnFe2O4 mag-
netic nanocomposite was modified using ZIF-8 to improve the active 
surface and its performance. The results of SEM and Map-EDX showed 
that after the modification process, the density of particles in the BPP/ 
MnFe2O4 surface has increased, and there are also zinc and nitrogen 
elements (2-methylimidazole rings) in its structure, which confirms the 
presence of ZIF-8. These results are consistent with the findings of XRD 
and BET tests (Fig. S2G–I). After the Cd2+ removal using BPP/ 
MnFe2O4/ZIF-8, particles with larger sizes and higher density appeared 
on the surface of the desired magnetic nanocomposite (Fig. S2J). To 
confirm the ability of the magnetic nanocomposite to adsorb Cd2+, Map- 
EDX analysis was also used, which confirmed the existence of Cd2+ in 
the sample (Fig. S2K-L) and showed that BPP/MnFe2O4/ZIF-8 has the 
suitable ability for adsorbing Cd2+ and can be used as an effective 
adsorbent. 

3.2. RSM-CCD analysis 

This part has been presented in the Supplementary Section 
(including Table S2, Table S3, Fig. S2, and Fig. S3). 
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3.3. Influence of parameters 

Based on Fig. 2, all studied parameters are effective in cadmium 
decontamination. The results showed that the adsorption efficiency of 
Cd2+ increased with the increase of treatment time from 20 to 100 min, 
which can be due to the existence of enough time for Cd2+ to be placed 
on the BPP/MnFe2O4@ZIF-8. 

The cadmium removal increased by raising the pH level from 2 to 6 
and then declined. The low yield value at pH 2 can be caused by the high 
amount of H+, which competes with the cadmium ion to occupy the 
active sites (pH < pHzpc). When the pH increases from 2 to 6, H+

decrease, and the density of positive charges on the surface of the 
adsorbent decreases. As a result, the competition between Cd2+ and H+

decreases, and a sufficient surface is provided for the Cd2+ decontami-
nation (pH = pHzpc). After pH 6 (pH > pHzpc), the level of negative 
charge (OH− ) in the water media increases, and between Cd2+ and the 
negative charge, the adsorption rate decreases, which can be caused by 
the interaction between Cd2+ and OH− and the formation of a complex 
Cd(OH)2 and precipitation of Cd2+ [29]. Therefore, pH 6 with a removal 
efficiency of 99.32% was determined as the optimum value. 

The results of 3D response surface graphs (Fig. 2) and 2D graphs 
(Fig. S4) to investigate the effect of parameters individually showed that 
increasing the temperature has increased the Cd adsorption, indicating 
that the adsorption is endothermic. This phenomenon can be caused by 
the decrease in the boundary layer thickness around the composite and 
the increase in the penetration rate of Cd2+ on the adsorbent and the 
increase of suitable and available sites for the adsorption of cadmium 
[30]. The effect of the Cd2+ concentration was investigated (Fig. 2 and 
Fig. S4). The maximum efficiency has been achieved at 10 mg/L, and 
with the increase of the Cd concentration, the removal rate has 
decreased. The high efficiency at 10 mg/L compared to 50 mg/L can be 
due to the presence of active sites to absorb Cd2+ [30]. The adsorbent 
dose was assessed and the findings showed that the removal rate had an 
increasing trend in the desired mass of 0.4–1 g/L, however, after that, 
the efficiency decreased. The increasing trend can be due to the avail-
ability of surface and unsaturated sites to absorb Cd2+. According to 
Fig. S4, optimal values of temperature, adsorption time, adsorbent mass, 
Cd2+ concentration, and pH were determined as 45 ◦C, 100 min, 1 g/L, 
10 mg/L, and 6, respectively. 

3.4. Kinetic study 

The curve of the kinetic models is presented in Fig. 3 and the kinetic 
rate and correlation coefficient (R2) are listed in Table S4. Based on the 
results, the R2 number of the pseudo-second-order (PSO) is higher than 
other models, which shows that PSO has a more appropriate model to 
describe the behavior of the adsorption. The adopting of the kinetic 
behavior of the adsorption process from the PSO model shows that the 
adsorption of Cd2+ is chemical, electrostatic, and chelate surface 
adsorption, and the reactions on the surface may be limit the speed of 
the process and govern the adsorption mechanism of Cd2+ [19]. It 
should be noted that the value of the adsorption constant rate (k1,k2) 
determined for the adsorption process using BPP/MnFe2O4@ZIF-8 is 
higher compared to other used adsorbents, which can be caused by the 
active surface, high and its microporous structure [30]. This finding is 
inconsistent with those obtained in the BET test. Also, the α value 
showed that the adsorption ability of BPP/MnFe2O4@ZIF-8 magnetic 
nanocomposite in adsorbing Cd2+ is higher compared to other adsor-
bents. Based on this model, the chemical mechanisms support the cad-
mium adsorption onto the adsorbents [7]. In the intra-particle diffusion 
(IPD) model, the depicted lines for qt vs. t0.5 did not cross the origin, 
showing that more than one type of mechanism (intra-particle diffusion, 
boundary layer effect) is involved in the process. 

3.5. Isotherm study 

To explore the equilibrium behavior of the Cd2+ removal, adsorption 
experiments were conducted (Fig. S5a). The nonlinear regression of the 
isotherm models is shown in Fig. S5b-d and the parameters are reported 
in Table 1. In the Cd2+ adsorption using BPP and BPP/MnFe2O4 samples, 
the R2 parameter of the Langmuir is bigger than in other models, which 
means that the removal of cadmium occurs in multilayer on the het-
erogeneous surface of the adsorbents. While in the adsorption of Cd2+

using BPP/MnFe2O4@ZIF-8, the data followed the Freundlich isotherm 
and the adsorption was monolayer on the homogeneous surface of the 
composite. The higher value of Langmuir KL indicates the affinity of the 
adsorbent to cadmium, which BPP/MnFe2O4@ZIF-8 has the highest 
value among other studied materials in this study. In addition, in the Cd 
adsorption by all studied adsorbents, 0 < RL 〈1,n〉 1, and E < 8 kJ/mol, 
which show that the process is favorable and physical. The amount of 
adsorption capacity for BPP, BPP/MnFe2O4, and BPP/MnFe2O4@ZIF-8 
was determined to be 33.76, 45.02, and 80.52 mg/g, respectively, and 
the high adsorption capacity of BPP/MnFe2O4@ZIF-8 compared to other 
samples can be caused by specific surface and high adsorption bond 
energy [11]. The Temkin isotherm showed that physical adsorption can 
also play a role in the Cd2+ removal using adsorbents. 

3.6. Thermodynamic study 

Examining the effect of temperature (Fig. 4a) showed that the 
adsorption of Cd2+ using BPP and BPP/MnFe2O4@ZIF-8 is endothermic. 
To determine ΔG◦, ΔH◦, and ΔS◦, the van't Hoff equation was used and 
the linear relationship of lnKC versus 1/T is shown in Fig. 5b. 

Based on Table S5, the value of ΔG◦ for both adsorbents (BPP and 
BPP/MnFe2O4@ZIF-8) was negative, which shows that the Cd2+ elimi-
nation using the desired adsorbents is physical. The values of ΔH◦ and 
ΔS◦ parameters for the Cd2+ removal using BPP were 26.03 kJ/mol and 
103.55 J/mol.K, respectively, and using BPP/MnFe2O4@ZIF-8 were 
determined 37.653 kJ/mol and 497.211 J/mol.K, respectively. The 
value shows that the desired surface adsorption is endothermic and the 
random collisions between Cd2+ and adsorbents have increased, and 
increasing the temperature favors the spontaneous adsorption process 
[11]. 

3.7. Counter ions effect and reusability 

The presence of Na+, K+, and Ca2+ in the water media reduced the 
Cd2+ removal, which can be caused by the saturation of the active sites 
and intensified competition between these ions with Cd2+ (Fig. S6a-c). 
In addition, Na+, K+, and Ca2+ have a positive charge, which, if placed 
on the adsorbent, causes the electrostatic force of repulsion with Cd2+, 
and as a result, the efficiency of the process decreases. Another note-
worthy point is that sodium, potassium, and calcium ions had a greater 
inhibitory effect on cadmium adsorption by BPP than BPP/ 
MnFe2O4@ZIF-8. This indicates the complexity of the functional groups 
and the greater surface area of the BPP/MnFe2O4@ZIF-8 composite. 

The reusability of BPP and BPP/MnFe2O4@ZIF-8 in the Cd2+

adsorption of up to 8 steps was investigated (Fig. S6d). The findings 
showed that BPP/MnFe2O4@ZIF-8 compared to BPP has a high ability to 
remove Cd2+ and up to 8 stages of reuse, its adsorption efficiency is 
>90%, while the adsorption efficiency of the BPP after 4 steps decreased 
to <90%. The ability of BPP/MnFe2O4@ZIF-8 in adsorbing Cd2+ can be 
related to the high BET surface and the presence of effective functional 
groups. 

3.8. Cd2+ adsorption mechanisms 

The removal mechanism of metal ions using biochar usually includes 
surface complexation, metal ion exchange, Cd-π interaction, physical 
surface adsorption, and co-precipitation. One of the effective 

R. Foroutan et al.                                                                                                                                                                                                                               



Colloid and Interface Science Communications 55 (2023) 100723

5

Fig. 2. 3D and 2D graphs to investigate the effect of (a,b) pH and contact time, (c,d) pH and Cd2+ concentration, (e,f) pH and adsorbent dose, (g,h) contact time and 
temperature, (I,j) temperature and adsorbent dose (k,l) Cd2+ concentration and contact time, (m,n) contact time and Cd2+ concentration on the adsorption efficiency 
using BPP/MnFe2O4@ZIF-8. 
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mechanisms in the process of adsorption is the electrostatic force created 
between the active groups in the adsorbent with desired pollutants. FTIR 
analysis (Fig. 1a) showed that there are –OH, C––O, C–H, C-O-C, N–H, 
Zn–N, and C––C in the magnetic nanocomposite structure (2-MIM 
structure). These mentioned functional groups can interact with Cd2+ in 
the water media and remove it through complexation and cation-π 
interaction mechanisms [15]. In addition to the mentioned functional 
groups, another effective mechanism that can be effective in removing 
Cd2+ are the mechanism of cation exchange and chemical precipitation 
(Fig. 5). EDX and XRD analyses proved that there are various cations 
such as Mg2+, Ca2+, K+, and P (PO4

3− ) in the BPP. The mentioned anions 
and cations can be released from the BPP surface and interact with Cd2+

and remove it from the water through chemical precipitation mecha-
nisms (CdCO3, Cd3(PO4)2) and cation exchange [15]. There are also 
Fe3+, Mn2+, and Zn2+ in the BPP/MnFe2O4@ZIF-8 structure that can be 
effective in the ion exchange mechanism. The area and pores of the 
adsorbent are also vital in cadmium adsorption. BET and SEM tests 
showed that in the constituent components of BPP/MnFe2O4@ZIF-8, 
there are pores (with different sizes and diameters) that can remove 
Cd2+ through the process of van der Waals forces. 

3.9. Industrial wastewater treatment 

The wastewater treatment process of the shipbuilding industry was 
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Fig. 3. Non-linear kinetic models for Cd2+ removal using (a) BPP, (b) BPP/MnFe2O4, and (c) BPP/MnFe2O4@ZIF-8 and (d) the intra-particle diffusion model for Cd2+

removal using the desired samples. 

Table 1 
The results of equilibrium parameters.  

Isotherm model Adsorbent Isotherm model Adsorbent 

BPP BPP/MnFe2O4 BPP/MnFe2O4@ZIF-8 BPP BPP/MnFe2O4 BPP/MnFe2O4@ZIF-8 

Langmuir    D-R    
qm(mg/g) 33.76 45.02 80.52 E(kJ/mol) 1.385 1.717 2.405 
KL(L/mg) 0.5864 0.7064 1.224 qm(mg/g) 30.32 39.12 52.63 

RL 0.021–0.145 0.017–0.124 0.010–0.075 β(mol2/J2) 2.604 × 10− 7 1.695 × 10− 7 8.642 × 10− 8 

Adj R2 0.9941 0.973 0.8794 Adj R2 0.932 0.8813 0.7338 
RMSE 0.6872 2.192 6.687 RMSE 2.337 4.596 9.933 

R2 0.995 0.9769 0.8966 R2 0.9418 0.8982 0.7718  

Freundlich    Temkin    
n 4.468 3.836 3.64 bT(kJ/mol) 0.508 0.361 0.348 

Kf (mg/g(L/mg)1/n) 15.13 19.32 30.51 AT(L/g) 11.3 10.99 75.49 
Adj R2 0.859 0.9016 0.8972 Adj R2 0.8912 0.9617 0.9328 
RMSE 3.367 4.185 2.177 RMSE 0.9349 2.611 4.992 

R2 0.8791 0.9156 0.989 R2 0.9442 0.9672 0.9424  
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carried out under optimal parameters. The metal ions concentration in 
the wastewater of the shipbuilding industry after the cleaning process 
was significantly reduced (Table S6). The final pH of treated wastewater 
was slightly increased and closed to neutral. This shows that the nano-
composite adsorbent has amphoteric properties. The high ability of 
BPP/MnFe2O4@ZIF-8 in removing metal ions in shipbuilding industry 
wastewater revealed that the magnetic nanocomposite can be utilized as 
a vital alternative in wastewater treatment. 

3.10. Comparison of adsorption capacity 

The results of this study have been compared with other studies (see 
Table S7) and it confirms the superiority of the adsorbent of this study 
compared to other adsorbents. 

4. Conclusions 

The BPP/MnFe2O4@ZIF-8 (porous, crystalline, mesopore, and mag-
netic material) was used for cadmium removal from wastewater. The 
effect of parameters was explored using RSM-CCD. The cadmium 
adsorption data followed the PSO kinetic. In the Cd2+ adsorption using 
BPP/MnFe2O4@ZIF-8, the heterogeneous surface had a more effective 
role. The adsorption process was spontaneous and endothermic during 
the process. The wastewater of the shipbuilding industry was treated by 
the developed adsorbent. The BPP/MnFe2O4@ZIF-8 can be reused 
several times, so this is an economic and vital composite. 
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Fig. 5. Mechanisms of Cd2+ removal by BPP/MnFe2O4@ZIF-8.  
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