
George et al. Environmental Sciences Europe           (2023) 35:21  
https://doi.org/10.1186/s12302-023-00725-4

RESEARCH Open Access

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

Environmental Sciences Europe 

Parametric modelling and analysis 
to optimize adsorption of Atrazine by MgO/
Fe3O4‑synthesized porous carbons in water 
environment
Lartey‑Young George1, Limin Ma1,2*, Weiwei Zhang1 and Guodong Yao1 

Abstract 

Background  Pesticide contamination to water, continues to raise ecotoxicological and human concerns. Studying 
the application of green adsorbents for removing pesticides from water can significantly reduce ecotoxicological 
impacts and sustain reclamation of water bodies.

Results  The current study investigated the adsorption capacity of MgO/Fe3O4 modified coconut shell biochar (MCSB) 
towards Atrazine removal in water. The prepared adsorbents were structurally constricted and obtained relative 
amount of mesopore spaces filled by nanoparticles which equally provided active occupancy/binding sites for Atra‑
zine molecule deposition. Equilibrium isotherm studies under temperature regimes of 300 K, 318 K and 328 K were 
best described by the Freundlich isotherm (R2 = 0.95–0.97) with highest adsorption capacity corresponding to the 
highest temperature range (328 K) at (KF = 9.60 L mg−1). The kinetics modelling was best fitted to the pseudo second-
order kinetic (R2 = 0.90–0.98) reaction pathways revealing that Atrazine uptake and removal occurred majorly over 
non-homogenous surfaces and high influence of surface functional groups in the process. Atrazine uptake by the 
adsorbent were mostly efficient within pH ranges of 2–6. Thermodynamics values of free energy ΔG° were negative 
ranging (ΔG° = − 27.50 to − 29.77 kJ mol−1) across the varying reaction temperature indicating an exothermic reac‑
tion, while enthalpy (ΔH°) (34.59 kJ mol) and entropy (ΔS°) (90.88 JK−1/mol) values were positive revealing a degree of 
spontaneity which facilitated Atrazine uptake. The adsorbents regeneration capacities over five cycles were observed 
to decrease proportionally with maximum yields up to 50–60%. Optimization of the adsorption condition by response 
surface modelling (RSM) and Central Composite Design (CCD) could reveal optimum conditions for Atrazine removal 
through interaction of different variables at pH = 12, adsorbate initial concentration at 12 mg L−1, adsorbate dosage 
at 0.5 g and reaction temperature at 54 °C. The overall mechanisms of the adsorption could be contributed by avail‑
ability of surface functional groups on the MCSB surface through increase in hydrophilicity facilitating easy Atrazine 
molecule attachment via hydrogen bonding and improved surface complexation.

Conclusions  The as-synthesized MCSB adsorbent could uptake and remove Atrazine in water. A high pH, low con‑
centration, low adsorbent dosage and high reaction temperature could be optimized conditions to attain highest 
Atrazine removal by the synthesized adsorbent.

Keywords  Atrazine, Adsorption, Coconut shell biochar, Response surface methodology

*Correspondence:
Limin Ma
lmma@tongji.edu.cn
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12302-023-00725-4&domain=pdf


Page 2 of 16George et al. Environmental Sciences Europe           (2023) 35:21 

Graphical Abstract

Introduction
Pesticides are ubiquitous contaminants in the envi-
ronment, since they easily migrate from their source 
of application to non-target environments [1]. Due 
to their low detection concentration rates, several 
approaches have been adopted for their removal but 
are most limited by cost and potential post remedia-
tion contamination effects [2]. However, adsorption is 
considered a paramount choice due to its easy opera-
tion, low cost and fulfillment of the sustainable reme-
diation criteria [3]. Adsorption, however, is reliant on 
adsorbents. Different ranges of adsorbents have been 
explored in literature including activated carbon, clay 
minerals, layered double hydroxides (LDH), metal 
organic frameworks (MOFs), single- and multi-walled 
carbon nano tubes (SMWCNT) [4]. Nonetheless, new 
innovative adsorbents with magnetic properties capa-
ble of monitoring and recognizing pollutants are being 
pioneered [5].

Biochar is progressively drawing global attention as 
a sustainable environmental remediation agent. This is 
evidenced in the large research database demonstrating 
its capacity towards removal of contaminants in fresh-
water and wastewater [6]. Detailed discussion on biochar 
preparation and characterization approaches is reported 
[7–9]. Despite its promising excellence, there is yet 
drawbacks associated with the application of biochar for 
removal or treatment of contaminants as some studies 
have indicated the relatively low adsorption capacities, 
requirement for longer equilibrium due to lack of func-
tional groups and the difficulty in trapping and treating 
contaminants hence potential back diffusion of adsorbed 
contaminants into water [10]. In addition, since origi-
nal and pristine biochar has low adsorption capacity for 
anions and electro negative organic molecule [11], it is 
useful to improve the electronegative organic pollutant 
(e.g., Atrazine) adsorption capacity on Biochar through 
modification or functionalization. To improve on bio-
char’s performance, several physicochemical activation 
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techniques have been investigated [12, 13] and chemi-
cal activation is found as efficient; however, this is often 
challenged based on green chemistry principles, specifi-
cally principle 3 ‘less hazardous synthesis’ [14]. Overly 
synthesized biochar could increase their environmental 
risk through chemical leaching. A range of chemical rea-
gents commonly applied for biochar enhancement, KOH, 
NaOH, LiOH, H2PO4 is reported [12].

The most proposed effective strategy to resolve this 
bottleneck through introduction of transition metals 
and their oxides into the Biochar labyrinth or matrix 
[15]. Adopting friendly and safe chemical synthesis, 
therefore, becomes necessary. Transition metals such as 
(Fe, Co, Ni, among others) or their oxides have recently 
been introduced into biochar matrices to form magnetic 
Biochar’s  [16]. Metal ion intercalation with biochar to 
form magnetic biochar (MB) is one means to achieve 
high performing biochar for pesticide removal [17]. By 
this, biochar possesses magnetic effects which could 
act like semi-conduits capable of trapping and treat-
ing contaminants efficiently. The magnetic effect further 
makes it feasible for the MBs to be recycled and reused 
while maintaining their original properties [5]. Previ-
ously reported synthesis of MBs for pesticide removal 
involved the use of single constituents which offered 
limitations such as reduced pore spaces and volumes 
to the adsorbent hence limiting their performance [18]. 
Contrarily, the binary composition of chemical com-
pounds is seen to better efficiently promote MBs per-
formance as demonstrated in the works of Romero et al. 
who synthesized magnetic covalent organic frameworks 
(COF’s) for removal of endocrine disrupting chemicals 
in water through surface amino functionalization with 
FeCl3.6H2O and FeCl3.4H2O and found higher removal 
rates for Atrazine [19]. In addition, Nejadshafiee and 
Islami [20] studied the removal of Acetamiprid by Fe3O4 
and ascorbic acid-synthesized biosorbents in water and 
recorded higher removal rates.

Liang et al. [21] also investigated the effect of four Fe/
Mn-modified Biochar’s to enhance Atrazine removal and 
found that the formation of oxygen functional groups 
(OH, C=C, and C=O) could highly facilitate Atrazine 
removal. Similar observations were reported by Tao 
et  al. [22], through application of Fe modified corn cob 
Biochar. According to Yang et  al. [23], such Atrazine 
removal process is also facilitated by the introduction of 
strongly electronegative N atom which can reduce the 
electron density on the surface of the biochar, thereby 
increasing the π electron acceptability of the Biochar. 
Atrazine which is generally considered to be a π-donor 
due to its π-electron enrichment, resulting in the inter-
action of π–π electron donor–accepter between Atrazine 
and the modified Fe biochar to facilitates adsorption. 

Cao et al. [24], also modified biochar with Fe-phenol to 
enhance Atrazine removal by ferrate Fe(VI) under alka-
line conditions.

Although the environmental performance of magne-
sium oxide (MgO) has been demonstrated for removal 
of several nutrients and heavy metals in water [25] their 
binary and mutual composition with ferromagnetic 
agents for pesticide removal has not been explored for 
Atrazine removal in an aqueous media. Hence, to con-
tribute towards filling the gaps, further investigation to 
improve the adsorption removal of Atrazine by MgO 
complexation with iron becomes necessary. Such mag-
netism of biochar adsorbents could efficiently prevent the 
destructed nanocomposites from damaging the aquatic 
environment [26]. According to Rufford et al. [27], appli-
cation of magnesium salts can fasten the process of cellu-
lose and hemicellulose-based carbon materials, limiting 
tar generation which disrupt and block establishment 
of sufficient pore spaces. In addition, biochar compos-
ites synthesized by MgO have been demonstrated for 
removal of organic compounds like dyes relying on the 
high specific surface area formation and enormous active 
binding site formation [28].

Atrazine (2-chloro-4-ethylamino-6-isopropyl-amino-
s-triazine) contamination of water bodies has been 
reported under several critical conditions due to its low 
solubility and partial dissolution. Recent studies have 
indicated very low Atrazine concentrations in water 
bodies rendering their removal challenging [22]. These 
concerns have promulgated revisions in water quality 
indices and in countries, such as China, the minimum 
detection limits (MDL) are set at 3.0  µg  L−1 for surface 
water and 2.0 µg L−1 drinking water supply [29]. Hence, 
the prime objective from this investigation was to study 
the performance of MgO/Fe3O4 synthesized on coconut 
shell biochar composites for Atrazine removal in water. 
Such combination may be of immense interest establish-
ing new properties and possible better performance of 
for Atrazine removal relying on the magnetic capacities 
of the adsorbents. We explored the independent process 
variables, i.e., Atrazine initial concentration, pH, contact 
time, adsorbent dosage and temperature on the overall 
efficiency for Atrazine removal. To capture the intrinsic 
features of the adsorbent, interaction within the differ-
ent process variables and minimized experimental stages, 
response surface methodology (RSM) is employed to 
estimate optimum conditions for Atrazine removal [30]. 
To reveal the mechanism involved in the adsorption 
process, two parameter non-linear isotherm and kinetic 
models are applied. For practical application, coconut 
shell biochar (CSB) used. CSB has high microstructure, 
high carbon, oxygen and hydrogen content which some 
studies have demonstrated their strong affinities for 
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contaminants, such as heavy metals [31] and nutrients 
[32]; however, there is paucity of data on CSB towards 
pesticides removal in aqueous environments [33–35] 
which further resonates the findings in this study.

Materials and methods
Chemicals and reagents
Pure grade Atrazine standard 99% (Dr. Ehrenstorfer, 
Augsburg-Germany) was purchased from Tansoole Co. 
Ltd (Shanghai, China P.R) and used for all experiments 
and analytical measurement. Some characteristics of 
Atrazine is shown in Additional file 1: Table S1. Biochar 
was sourced from local market in (Shanghai, China, P.R). 
Magnesium chloride hexahydrate (MgCl2.6H2O) and Iron 
chloride (III) hexahydrate (FeCl3.6H2O) were purchased 
from Tansoole Company Ltd (Shanghai, China P.R) and 
particle size sieves with mesh No. 10 corresponding to 
2  mm particle size from Sinopharm Chemical Reagent 
Co. Ltd (Shanghai, China P.R).

Adsorbent synthesis
Coconut shell biochar (CSB) was soaked and washed in 
ultrapure water (Milli-Q Advantage A10 system, resistiv-
ity = 18.2 MΩcm−1) for 60 min followed by sitting in an 
ultrasound bath (GT Sonic D6, 40  kHz, 300 W heating 
power) for 30  min to remove any impurities, thereafter 
oven-dried at 105 °C for 8 h. To synthesize the CSB MgO/
Fe3O4 composites, as shown in Fig. 1, 50 g of FeCl3.6H2O 
and 30 g of MgCl2.6H2O (w/w) were added to a 1000 ml 
beaker and stirred until solid mixture of the two chemical 
agents/precursors were obtained. 150  mL of deionized 
(DI) water was added while gently stirring until a uniform 
solution of the solids were obtained. 30 g of the cleaned 
CSB was added to the solution of precursors and kept 
on a magnetic stirrer overnight. The formed chemical 
composition was separated from solution by a magnet as 

the aqueous component was decanted. The solid formed 
MgO/Fe3O4 biochar composites were double washed in 
deionized water until the pH was near neutral followed 
by drying at 400  °C for 60  min in a box furnace (MTI 
KSL 1200XL) then cooled overnight. The formed prod-
ucts were then ground and sieved by sieve/mesh No. 10 
(particle size 2  mm) to obtain desired particle size and 
labeled as MCSB.

Analytical characterization
The adsorbent morphologies and structural arrange-
ments were observed by scanning electron microscope 
(Phenom G2 Pro Desktop SEM) and further image pro-
cessing in ImageJ v1.53e [36]. Fourier-transform infrared 
(FTIR) spectrometer (Nicolet 57000, ThermoFisher Sci-
entific) was used to determine the surface chemical prop-
erties in the range of 4000–500 cm−1 wavenumber, while 
XRD analysis performed by (D-8 Advance X Ray Powder 
Diffractometer, Cu, Kα radiation, 40 kVA, 40  mA, 0.1 
step size, 1  s measurement interval) and further results 
processing of chromatograms in MDI Jade v6.5 (www.​
mater​ialsd​ata.​com). Zeta potential (pHpzc) was deter-
mined following previously described approach by [37]. 
N2 adsorption–desorption approach was used to char-
acterize available size and pore volumes (Micromeritics 
Instrument Corporation, ASAP 2460).

Adsorption studies
Batch adsorption experiments were performed using 
50 mL of 5, 10, 15, 20 and 30 mg L−1 of Atrazine work-
ing solution in an Erlenmeyer flask. 20  mg MB200 
adsorbents was added to each flask. The experimental 
set ups were kept on a thermostatic shaker at 150 rpm 
at varying temperatures of 303  K, 318  K, and 328  K 
over 24 h to study the adsorption isotherms. To deter-
mine the rate of Atrazine removal, kinetic studies were 

Fig. 1  Facile synthesis of MgO/Fe3O4 CSB adsorbents

http://www.materialsdata.com
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performed at 318 K at specific time intervals, 0.5 h, 1 h, 
3 h, 5 h, 8 h, 12 h, 16 h, by recovering samples and the 
solid–liquid phase separated by filtration using 0.22 µm 
pall filters to determine the final analyte concentration. 
All experiments were performed in triplicate. Inde-
pendent adsorption studies to determine the effect of 
pH on the adsorption of Atrazine was experimented 
with intermediate solutions of 5  mg L−1, 15  mg L−1 
and 30 mg L−1. The background solution was adjusted 
using 0.1 M Hydrochloric acid (HCl) and 0.5 M Sodium 
Hydroxide (NaOH) solution to obtain pH solutions in 
ranges of 2, 4, 6, 10 and 12.

Experimental design by response surface methodology 
(RSM)
Response surface methodology (RSM) and Cen-
tral composite design (CCD) as a powerful tool was 
employed to optimize the adsorption capacity of 
the prepared adsorbent. To initiate the process, four 
parameters in Table  1, i.e., Atrazine concentration 
(mg L−1), adsorbent dosage (g), pH and reaction tem-
perature (°C) were investigated. The results of 40 
independent experimental runs was used to analyze 
the mathematical relationship between the response 
(y) and a set of independent parameters (x) following 
Eq. (1):

where y is the predicted response; xi and xj are the inde-
pendent variables (i, j = 1, 2, 3, 4, …k). The parameter 
βo is the model constant; βi is the linear coefficient; βii 
is the second-order coefficient and βij is the interaction 
coefficient.

Analytical concentration measurement
Analytical measurement of final filtrate was performed 
using high-pressure liquid chromatography (HPLC-
Shimadzu, LC-2030 3D Plus). Peak detection was by an 
isocratic elution of methanol/water (70:30, v/v) mobile 

(1)

y = f (x) = βo +

k∑

i=1

βiXi +

k∑

i=1

k∑

j=1

βijXiXj +

k∑

i=1

βiiX
2
i

phases, flow rate of 0.8  mL  min−1, oven temperature 
at 30  °C, UV absorbance and pressure at 225  nm, and 
20 mpa, respectively. The equilibrium adsorption and 
removal capacities (qe, qt mg  g−1 and r %), respectively, 
were determined by mass difference between the initial 
(C0) and equilibrium concentration (Ce) following Eqs. 
(1–3) in Additional file 1: Table S2.

Results and discussion
Characterization of as prepared adsorbents
Figure 2 shows the SEM images of the as prepared adsor-
bents. SEM analysis was used to determine the struc-
tural and morphological surface changes of the samples. 
It is seen that the deposition of the Fe3O4 particles could 
have resulted in the surfaces of the natural MCSB to be 
highly constricted (Fig. 2a). In addition, the MgO/Fe3O4 
promoted formation of a layered structure which can 
serve as bridges between MCSB and Fe nanoparticles for 
adsorption of Atrazine molecules (Fig.  2b). The MCSB 
also obtained some amount of porosity and roughness 
which contributes to amount of active binding sites for 
adsorption. It can be concluded that the MgO/Fe3O4 
nanoparticles can have a good and effective interaction 
with the MCSB.

Surface characteristics of the synthesized MCSB is 
shown in Fig. 3. The XRD pattern for adsorbent is shown 
in Fig.  3a. The broad peaks were within 2θ = 20o–30° 
ranges. The peaks at, respectively, 23.18, 33.15, 39.05, 
47.25, 49.25, 57.43, 69.67, 83.08 were indexed at 021, 121, 
040, 241, 151, 242, 442. The corresponding pair diffrac-
tion factor (PDF) which could reveal the efficiency of 
the synthesis process were assigned to peaks at 23.18° 
and 83.08° for iron oxide, Fe2O3 (PDF No. 73-2234) for-
mation, while peaks at (231.8°, 021), (47.25°, 241) cor-
responded to MgO formation (PDF No. 72-1609). FTIR 
spectrum of surface functional groups are shown in 
Fig. 3b and compared to Sigma-Aldrich Library of FT-R 
Spectra. The peaks at 3392  cm−1 was assigned to O–H 
stretching vibrations in hydroxyl groups. The peak at 
1654  cm−1 were assigned to C=C stretching of alk-
ene groups and the peaks at 1558  cm−1 was assigned to 
C=C stretching groups, while the peaks at 1448  cm−1 
were corresponded to C–H bending vibrations. The peak 
nodes at 1137 was assigned to C–O stretching vibrations 
and the weak nodes at 603  cm−1 was corresponded to 
C–L stretching of halo compound formation. The sur-
face pH(pzc) of the adsorbent was determined at 6.3 in 
Fig.  3c. Some porosity was observed which represented 
mesopore–macropore formations which could be related 
to (1). nanoparticles occupying available pore space and, 
(2). evolution of Mg during calcination which resulted in 
the collapse of most pore walls, Fig. 3d.

Table 1  List of independent variables and levels

Factor Unit Code Levels

− 1 1

Concentration mg L−1 X1 5 30

pH X2 2 12

Adsorbent dosage g X3 0.5 3

Reaction temperature °C X4 30 55
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Fig. 2  Morphological arrangements of MCSB

Fig. 3  a XRD pattern, b FTIR spectra, c surface pH of adsorbent (d) pore-particle size distribution
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Equilibrium adsorption isotherms and kinetics study
Adsorption isotherms and kinetics were established 
following equations, Eqs.  (4–10), in Additional file  1: 
Table S3. Adsorption isotherms were fitted to the Lang-
muir, Freundlich and Temkin isotherms in Fig.  4a and 
Additional file  1: Table  S3 describes the adsorption iso-
therm equilibrium constants. The Langmuir isotherm is 
established on the assumption that Atrazine molecules 
become chemically adsorbed on a specific and fixed 
number of established sites on a homogenous plane. The 
Freundlich isotherm assumes that Atrazine adsorption 
will occur on a multilayer process on a heterogenous sur-
face and considers that the molecular binding on the sur-
face of the adsorbents could influence adjacent sites. The 
Temkin model on the other hand considers that interac-
tion between adsorbent and adsorbate in which it ignores 
any extremely large and low concentration values. It fur-
ther assumes that adsorption heats of exchange (ΔHads) is 
a function of temperature of all molecules existing in the 

surface layer declines linearly rather than logarithmically 
due to increase in surface coverage [38].

Based on the fitting correlation coefficient (R2), the 
Freundlich isotherm model could best describe the 
data sets ranging with (R2 = 0.94–0.98). The association 
between the data fitting could be associated with heter-
ogenous surface formation contributed by deposition of 
MgO/Fe3O4 nanoparticles which formed large number of 
active/binding sites for Atrazine molecules in the reac-
tion system. The 1/n values obtained determined were 
lower than 1 (1/n < 1) (0.489–0.651) which confirmed 
a normal uptake reaction of the Atrazine molecules by 
the adsorbents and the influence of chemisorption in 
the adsorption process [39]. The Langmuir isotherm was 
less favourable (R2 = 0.90–0.93) to the data sets further 
revealing that Atrazine adsorption occurred through a 
multi-complex process [40]. Nonetheless, some mon-
olayer layers on the adsorbents surface possibly caused 
by wall flattening during thermal activation could have 

Fig. 4  a Adsorption isotherms. b Adsorption kinetics. c Morris Webber plot of intraparticle diffusion. d Thermodynamics plot of LnKL versus 1/T 
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contributed to the overall adsorption process. The adsor-
bent separation factor (RL) was determined as (RL < 1) 
indicating a favourable reaction process.

An important parameter for adsorbent design for pes-
ticide removal is saturation of adsorption time. The dif-
ferent adsorption equilibrium times plus other factors, 
pore volumes, pH, adsorbent dosage tend to determine 
the adsorption rate. The effects of contact time on Atra-
zine removal is described in Fig. 4b. At the beginning of 
the adsorption, the mass concentration of Atrazine was 
higher in solution and there were possible high amount 
of adsorption sites available on the different sized adsor-
bents. This is observed by the fast uptake from 0.5 to the 
3rd h before establishing equilibrium at after the 5.5th 
h and beyond. At this point in the process, the adsorp-
tion sites were limited by saturation hence gradually 
decreased. This could be attributed to high driving force 
and the rapid transfer of Atrazine cations to occupancy 
binding sites on the adsorbents established by the high 
agglomeration effect of MgO/Fe3O4. Similar results 
observed by [41].

The fitted kinetic parameters are summarized in Addi-
tional file  1: Table  S4. Specifically, the pseudo-second-
order kinetic model (PSO) R2 values were in the range 
of (R2 = 0.908–0.981). Per the R2 co-efficient values of 
the models, it was observed that the data sets for both 
adsorbents underwent a chemiosorption behaviour per 
PSO indicating the potential role of electron transfer, sur-
face complexation and other interaction species sharing 
between the adsorbent and Atrazine as dominant factors 
in removal process [42].

Intraparticle diffusion
The contribution of intraparticle diffusion to the uptake 
and removal of Atrazine by the porous carbons were fur-
ther investigated by the linear form of the intraparticle 
diffusion model (IPD) and represented in Fig.  4c with 
corresponding co-efficient in Additional file 1: Table S5.

According to Wu et al. [43], Kid values can reflect the 
extent of contribution by initial sorption and intraparti-
cle diffusion to the total sorption process. The first step 
obtained the most excellent linearization (R2 = 0.989) 
with corresponding first intraparticle rate constants 
(Kid1) (1.8009 mg/(g/min1/2)) indicating the most rapid 
process, which could be due to film diffusion, whereby a 
hydrodynamic boundary layer is possibly formed due to 
diffusion of Atrazine molecules from solution onto the 
external surfaces of the MCSB. In contrast, the second 
and final steps witnessed a downward depletion in the 
second intraparticle rate constant (Kid2) (0.33474  mg/
(g/min1/2)) and third intraparticle rate constant (Kid3) 
(0.03747  mg/(g/min1/2)) with corresponding lower R2 

values (R2 = 0.931 and 0.559) from the Webber–Mor-
ris equation. The reduction in the adsorption rate order 
(Kid) from Kid1 > Kid2 > Kid3 can be due to resistance of 
mass transfer which occurs in the second phase [44]. 
The second step designates the process, where the 
movement of Atrazine molecules could migrate from 
the external surfaces of the MCSB to the internal pore 
regions. The rate limiting step could be determined by 
the non-zero intercept calculated from the intercept (C) 
of the second region of the plot. Across the respective 
investigations, the intercepts of (C) calculated of the 
plots were greater than zero, which suggested that the 
process showed a slowed intraparticle diffusion mainly 
due to small concentration of Atrazine remaining in the 
aqueous media and saturation of remaining pore spaces 
by Atrazine molecules [45].

Adsorption thermodynamics
In general, temperature of adsorption impacts the poten-
tial of adsorbents towards contaminant uptake and 
removal by revealing internal mechanisms caused by 
interactive molecules in gaining or liberating energies. 
Per Gibbs Free Energy ( �G

◦ ) the effect of temperature 
conditions is displayed in Fig. 4d and corresponding fit-
ting values in Additional file  1: Table  S6. The R2 values 
was (R2 = 0.946) indicating a good fit for the data. The 
values of (ΔGo) were negative (−ve) across the differ-
ing temperature regimes revealing an exothermic con-
dition for Atrazine movement onto the adsorbents. The 
positive (ΔHo = 34.59 kJ/mol) and (ΔSo = 90.88 JK−1/mol) 
values, however, revealed an endothermic process with 
corresponding increasing randomness in the reaction 
system which plausibly resulted in structural changes of 
the adsorbent and their interactions with the adsorbate 
further facilitating uptake by the heterogenous surfaces. 
It is reported in some studies that chemiosorption pro-
cesses occur when enthalpy values are approximately 
(ΔHo > 40 kJ mol−1) [46]. However, in this study, the ΔHo 
was less which could be associated with the fact that 
Atrazine uptake was substituted in the adsorption mech-
anism by protons present in oxygen functional groups 
and electrostatic interactions with delocalized π elec-
trons of aromatic rings [47]. Similar observations were 
reported by [48]. Furthermore, the ΔGo values could 
reveal differing amount of energies exerted to establish 
an equilibrium state of the reactants and the products.

Effect of pH on adsorption
Solution pH can alter the removal of pesticides to and 
from adsorbents through a continuous change in the 
amount of charges and the alternate change character-
istics which affect dominant adsorption mechanisms 
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[49]. The results from the study indicated that Atrazine 
adsorption decreased with corresponding increase in pH 
for the adsorbents illustrated in Fig. 5a. Considering the 
surface properties of the adsorbents to the varying solu-
tion ranges of pH values, there were possible protona-
tion of surface functional oxygen groups, at higher  pH 
ranges which potentially induced electrostatic repulsion 
between adsorbents and Atrazine. This possibly sup-
pressed and limited the uptake process. This repulsive 
effect at high pH ranges could be associated with their 
lower performance revealing that Atrazine and the MCSB 
could largely be driven by other significant and promi-
nent mechanisms other than electrostatic forces. These 
observations were similar to [50]. Possible electrostatic 
attraction between the adsorbents and adsorbate mol-
ecules could predict to be the main factors lead to forma-
tion of an external field to enable Atrazine attraction and 

bonding to the adsorbent. The observations indicate that, 
higher pH influences lower adsorption of Atrazine onto 
the adsorbents. Ionic exchanges on the other hand could 
be illustrative to describe as one of plausible drivers for 
the adsorbate uptake by the MCSB. Furthermore, π–π 
EDA, cation–п bonding and H-bonding could be repre-
sentative forces driving Atrazine uptake at relatively low 
pH ranges. Hence, the investigation could conclude best 
pH for efficient for Atrazine adsorption by the MCSB to 
be in the ranges of 2–6.

Regeneration and reusability
The methods of regeneration of porous carbon adsor-
bents have been described [51]. While solvent regenera-
tion is found as an efficient approach amongst others, it 
was considered as a limitation in this study due to earlier 
chemical synthesis of the adsorbents further becoming 
less favourable per ‘principle 3’ of green chemistry princi-
ples [52]. Low temperature thermal regeneration of acti-
vated carbons was, however, proposed [53] as an effective 
means, therefore, a quasi-thermal regeneration process 
by heating the saturated adsorbents at mild temperature 
of 100 °C under inert conditions to regain the solids was 
performed. Regeneration experiments were further per-
formed with initial adsorbate solutions at 5 mg L−1 and 
30 mg L−1 and adsorbent dosage at 15 mg over 24 h. The 
uptake recoveries were recorded as percentage of mass 
differences ( Co − Ce ) over five (5) cycles, as shown in 
Fig. 5b. Overall, the re-adsorptive capacities of the adsor-
bents were observed to decrease after the first run from 
50% to 60%. As obvious, the nanocomposite effects after 
initial adsorption runs would have been lost. The mild 
heating temperature plausibly resulted in re-activation of 
previously blocked pore spaces hence promotion of sig-
nificant physisorption in the processes [54].

Results of RSM (central composite design)
Knowledge of the best conditions which can be 
adjusted to removal Atrazine is important if a large-
scale treatment system is to be implemented. The 
importance of four parameters on removal of Atrazine 
by the prepared adsorbents was investigated over 40 
runs in Design Expert 13. RSM modelling combined 
with Central Composite Design (CCD) could diagnose 
the interaction between the variables to affecting Atra-
zine adsorption. Table 2 shows the actual and predicted 
values. The second-order polynomial was used to 
describe the relationship between the variables (x1, x2, 
x3 and x4) and response (y %), which in mathematic form 
was represented as Eq. (3).

Fig. 5  a Effect of pH on adsorption. b Regeneration adsorption 
performance of MCSB
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For additional details, the analysis of variance 
(ANOVA) was studied to determine whether the quad-
ratic model is sufficient to describe the actual results. 
To best evaluate the significance level of any proposed 
model, the modelling parameters including P value 
(probability), R2 (coefficient of determination) and AP 
ratio (adequate precision) should be examined [55]. It 
is known that the large F test (F value) and the smaller 
P value are the most significant features to describe a 
model. At 95% confidence interval, the model can be 
described as statistically significant if P < 0.05, R2 ≥ 0.9 
and AP > 4. Based on the ANOVA values in Table  3 it 
is indicative the proposed model was statistically sig-
nificant, since P < 0.0397, and AP = 7.986. The model R2 
value was, however, lower than (R2 = 0.64). In addition, 
probability (P value) of the lack of fit (LOF = 0.6089) 
was not significant (P > 0.05) revealing the model illus-
trates a good fit which could navigate the experimental 

(3)

y(%) = 76.63+ 0.895x1 + 7.49x2 − 7.01x3 + 0.202x4

− 0.118x1x2 + 0.250x1x3 + 0.018x1x4 + 0.478x2x3

+ 0.247x2x4 − 0.634x3x4 − 0.025(x1)
2

+ 0.002(x2)
2
+ 3.16(x3)

2
− 0.013(x4)

2
.

Table 2  Matrix of observed and predicted values

O—Observed, P—Predicted

Run order X1 X2 X3 X4 O P Run order X1 X2 X3 X4 O P

1 30 12 0.5 30 24.1 36.79 21 17.5 7 1.75 42.5 68.2 59.41

2 30 2 3 55 43.8 32.93 22 30 2 3 30 84.5 89.09

3 5 2 3 30 72.2 62.32 23 5 2 0.5 55 16.9 31.15

4 17.5 7 1.75 42.5 64.9 59.41 24 5 2 3 55 12.7 5.34

5 17.5 7 1.75 42.5 73.9 59.41 25 30 2 0.5 30 70.6 70.28

6 17.5 7 1.75 42.5 39.2 59.41 26 5 12 0.5 30 51.4 55.17

7 5 12 0.5 55 98.9 88.96 27 17.5 7 4.25 42.5 63.1 76.31

8 17.5 7 1.75 42.5 21.1 59.41 28 17.5 7 1.75 42.5 63.7 59.41

9 42.5 7 1.75 42.5 51.4 53.43 29 5 2 0.5 30 76.9 59.16

10 30 2 0.5 55 70.2 53.78 30 17.5 7 1.75 42.5 19.3 59.41

11 17.5 7 1.75 17.5 59.5 61.86 31 17.5 17 1.75 42.5 86.3 77.76

12 17.5 7 1.75 42.5 85.4 59.41 32 − 7.5 7 1.75 42.5 23.1 33.53

13 17.5 7 1.75 42.5 84.2 59.41 33 17.5 7 1.75 42.5 43.6 59.41

14 17.5 7 1.75 42.5 66.2 59.41 34 17.5 7 1.75 42.5 70.8 59.41

15 17.5 − 3 1.75 42.5 20.5 41.49 35 30 12 3 55 60.8 73.19

16 17.5 7 1.75 67.5 29.4 39.49 36 17.5 7 1.75 42.5 46.3 59.41

17 5 12 3 30 59.2 70.28 37 30 12 0.5 55 79.3 82.08

18 17.5 7 1.75 42.5 67.8 59.41 38 17.5 7 1.75 42.5 61.7 59.41

19 5 12 3 55 71.2 64.42 39 30 12 3 30 88.9 67.55

20 17.5 7 − 0.75 42.5 82.8 82.04 40 17.5 7 1.75 42.5 74.2 59.41

Table 3  Analysis of variance (ANOVA)

a Significant (P < 0.05),bNon-significant (P > 0.05)

Source Sum of squares df Mean Square F value P value

Model 11,592.18 14 828.01 2.22 0.0397a

X1-Conc 594.02 1 594.02 1.59 0.2185b

X2-pH 1972.91 1 1972.91 5.29 0.0301a

X3-Dosage 49.31 1 49.31 0.1322 0.7192b

X4-Temp 750.4 1 750.4 2.01 0.1684b

X1X2 870.25 1 870.25 2.33 0.1391b

X1X3 244.92 1 244.92 0.6569 0.4253b

X1X4 132.25 1 132.25 0.3547 0.5568b

X2X3 142.8 1 142.8 0.383 0.5416b

X2X4 3819.24 1 3819.24 10.24 0.0037a

X3X4 1572.12 1 1572.12 4.22 0.0506b

X1
2 529.68 1 529.68 1.42 0.2445b

X2
2 0.0999 1 0.0999 0.0003 0.9871b

X3
2 815.59 1 815.59 2.19 0.1516b

X4
2 159.1 1 159.1 0.4267 0.5196b

Residual 9321.53 25 372.86

Lack of fit 3318.79 10 331.88 0.8293 0.6089b

Pure error 6002.75 15 400.18

Cor total 20,913.72 39
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results. In addition, Table 3 can reveal significant inter-
action effect of involved factors which can results in 
maximum Atrazine removal. It is observed that, the 
significant factors were determined to be, pH (F = 5.29, 
P > 0.05) as a single factor and interaction of pH and 
temperature (F = 0.0037, P > 0.05).

Other signals including ‘actual versus predicted’ and 
‘runs versus residual’ plots to support compatibility of the 
such a model is shown in Fig. 6a, b. From Fig. 6a, a rela-
tively good adequacy of the model can be observed based 
on the distribution of observed versus predicted values 
on a straight line. Figure  6b shows the plot of residuals 
against runs which was randomly distributed without 
patterns. As can be seen in Fig. 7, the perturbation plots 
enable identification and comparison of all effects of the 
factors at particular points within the design space. The 
steep slopes or curvature are indicative that the response 
obtained in the simulation were sensitive to the factors, 
while a relatively flat slope describes the insensitivity to 
change of that specific factor. From Fig. 7, the interaction 

variables are significant. These were examined according 
to a three-dimensional space to examine their simulta-
neous effect on the four parameters based on condition, 
where other parameters have had consistent and fixed 
values [56].

To visualize these relationships, a range of three-
dimensional plots are shown in Fig. 8. The optimal range 
of values of parameters to navigate Atrazine removal by 
the prepared adsorbent is shown in Fig. 9. Although the 
3D plots could determine the optimal conditions for the 
simulated independent parameters, they could be insuf-
ficient to predict the optimal conditions. Hence, the 
independent parameters were optimized to determine 
the most conditions, where all four factors could be opti-
mized simultaneous to determine the most maximum 
adsorption capacity of Atrazine by the adsorbent. From 
Fig.  9, it is observed that the plots of actual profiles of 
each independent variable in which the optimal points 
are specified along with the plots of the maximum and 
minimum yields. The maximum efficiency of the MgO/
Fe3O4 CSB adsorbents for Atrazine uptake and removal 
were 93.12% at 30  °C, initial Atrazine concentration at 
13.54 mg L−1, adsorbent dosage of 2.9 g and pH at 6.9.

To visualize the adsorption relationships, a range of 
three-dimensional plots are shown in Fig.  8 and asso-
ciated contour plots in Additional file  1: Fig. S1. The 
optimal range of values of parameters to navigate Atra-
zine removal by the prepared adsorbent is also shown 
in Fig. 9. Figure 8a shows the effect of interaction reac-
tion of initial Atrazine concentration (X1) and solution 
pH (X2). As observed, the surface of the effects of the 
independent factors has a peak pH at 10 and a concen-
tration is approximately 25 mg L−1. The maximum pre-
dicted removal value based on this interaction was 62%. 
Similarly, Fig. 8b reveals the interaction of initial concen-
tration (X1) and adsorbent dosage (X3). The simulated 
reaction uptake peak of Atrazine is seen at approximately 
27.1 mg L−1 and adsorbent dosage of 2.5 g and the maxi-
mum removal rate is approximately 75%. Figure 8c shows 
the reaction interaction of initial concentration (X1) and 
temperature (X4). The surface effects of the parameters 
are seen at concentration close to 27 mg L−1 and the tem-
perature at 46 °C with adsorption removal rate at approx-
imately 58%. Similarly, from Fig. 8d, based on the surface 
effect, the interaction between pH (X2) and adsorbent 
dosage (X3) of approximately 2 g and pH of 10 was seen 
as plate-like or with mild slope (i.e., less curvature). This 
could imply the that Atrazine adsorption yield increased 
with corresponding increase in adsorbent dosage at the 
simulated studied conditions. The predicted adsorp-
tion removal rate was 78%. Likewise, in Fig. 8e, the sur-
face interaction revealed les curvature, implying that the 
reaction interaction between pH (X2) and temperature 

Fig. 6  a Plot of predication versus actual and (b) residual versus runs
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(X4), were proportional and maximum capacities seen 
at approximately 41.3  °C and pH of 11 with adsorption 
removal rate at approximately 78%. In Fig.  8f, while the 
maximum capacities were seen at temperature (X4) of 
approximately 30 °C and adsorbent dosage (X3) of 2.5 g. 
The predictive adsorption removal rate was approxi-
mately 60%.

Possible adsorption mechanism
In general, the adsorption mechanism in this investiga-
tion is predicted based on results of the kinetic and iso-
therm study analysis. The best fit of the pseudo-second 
kinetics and Temkin isotherm models suggested a sig-
nificant chemisorption sorption process along the path 
of Atrazine uptake and removal by the adsorbents. The 
heterogenous adsorbent surfaces with large active sites 
formed by nanoparticle deposition could have resulted in 
interactions between Atrazine and the MgO/Fe3O4 con-
tributing to the uptake and removal efficiency in terms 
of binding to co-similar sites. Co-active sites could also 
share energies hence it was possible that active sites with 
higher adsorption energies diffused energies to other 
active sites with lower in energies. Since both adsorbents 
did not attain higher surface areas due to constricted sur-
faces formed by magnetic particles the relatively formed 
pore spaces could facilitate Atrazine movement hence 
uptake. Nevertheless, few micro-mesopore volumes 

were formed with other pore volumes occupied by the 
nanoparticles.

To evaluate this improvement, the dominant role of 
MgO and other functional groups in essence were pre-
dicted. With most of the pore spaces being occupied, 
adsorption dependency on active sites were predomi-
nant. In addition, since chemisorption was highly pre-
dicted from the pseudo-second-order kinetics data, it is 
anticipated that  surface aromatic rings of the Atrazine 
on the carbon planes and hydrogen bonding interaction 
between oxygen functional groups on the adsorbent sur-
face occured. Formation of strong Mg–OH bonding was 
possible during the process mainly due to (1) protonation 
of MgO by absorbing H+ from water in the reaction sys-
tem and acidic condition contributed by nanoparticles 
and (2) surface ligand complex reaction between the Mg 
and OH when the reaction solution reaches an alkaline 
state. In general, the dominant interaction of Atrazine on 
the surface of the adsorbent could be related to hydro-
gen bonding interaction between Mg–OH and N atoms 
Atrazine. The positive trigger of enhanced adsorption 
capacity included the H-bonding, π–π stacking and elec-
trostatic attraction. The presence of MgO could have 
further improved the surface properties of adsorbents 
and provided more active sites in the form of Mg–OH 
to adsorbed Atrazine leading to the excellent adsorption 
performance.

Fig. 7  Perturbation plots of all factors from central point and all factors individually from the central point
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Conclusion
In this study, MgO/Fe3O4 biochar composites were 
prepared by low cost fabrication for effective Atrazine 

removal in an aqueous environment. Overall, the adsorp-
tion performance in terms of capacity and efficiency 
between the adsorbents were comparatively close to 

Fig. 8  a 3D plots of interaction of (a) concentration, pH. b Concentration, dosage. c Temperature, concentration. d Concentration, pH. e 
Temperature, pH; and (f) temperature, dosage
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other synthesized adsorbents with maximum adsorption 
capacities per Langmuir isotherm at 47.80 mg g−1. Atra-
zine adsorption by the adsorbents reached faster equi-
librium and temperature was observed as a dominant 
factor in the process. Other dominant factors such as 
surface area, ion exchanges and electrostatic forces were 
found as highly important for the adsorbents to facili-
tate Atrazine removal. Overall, the adsorbent character-
istics and behaviour was highly influenced by the MgO/
Fe3O4 formation as demonstrated by adsorption coeffi-
cients associated with Freundlich isotherms and pseudo 
second-order kinetics. The effect of pH further revealed 
the behaviour of the adsorbents were more efficient 
at lower pH ranges. An important outcome from this 
study, is the regeneration approach. Regeneration of the 
adsorbents after adsorption studies further revealed that, 
after five (5) recycling runs the spent adsorbents were 
capable of yielding significant Atrazine removal efficien-
cies. Optimization studies by CCD and response surface 
methodology could reveal the results of the experimental 
studies with best conditions the interaction effect of mul-
tiple factors which could yield higher Atrazine removal. 
Future studies on Atrazine and other typical triazine pes-
ticides should be investigated with this form of synthe-
sized biochar adsorbent. In addition, an exploration of 

the degradation capacity of MgO/Fe3O4 CSB to reveal an 
understanding of possible transformation products for-
mation is recommended.
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