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A B S T R A C T   

In this work, akaganeite (β-FeO(OH)) impregnated maize cob biochar (Fe-MCB) was prepared by direct hydro-
lysis, and its adsorptive potential was tested against aqueous solutions of carbamazepine (CBZ), an emerging 
contaminant. The adsorbent was characterized by standard methods, namely XRD, SEM-EDX, FT-IR, BET surface 
area analysis, and VSM. Fe-MCB exhibited mesoporous textural structure with paramagnetic behavior at room 
temperature. The equilibrium data were modeled using the Langmuir, Freundlich, Fowler-Guggenheim and Sips 
isotherm models. The adsorption data were best described by Fowler-Guggenheim with an estimated maximum 
adsorption capacity of 81.80 mg g− 1. The adsorption rate was described by the pseudo-first-order (PFO) model. 
The thermodynamic functions, namely enthalpy (ΔH = -6.88 kJ mol− 1), negative Gibbs free energy (ΔG) values, 
entropy (ΔS = 26.33 J mol− 1), indicated that the adsorption was exothermic, spontaneous, with the increased 
disorder at the solid-liquid interphase. The adsorption mechanism is thought to entail dispersive interactions. 
Modified maize cob biochar is a potentially techno-economic sorbent for CBZ adsorption.   

Introduction 

Pharmaceutical compounds (PCs) are among the so-called emerging 
contaminants (ECs) including personal care products, and other indus-
trial products. Following the increasing use of these compounds for 
disease management, PCs have become common pollutants in drinking 
(Al-Hamadani et al., 2017). Pharmaceuticals have been found in 
wastewater, drinking water, and other aquatic systems as a consequence 
(Jun et al., 2019). Pharmaceutical ingredients have been found in 
Kenyan aquatic environments, according to recent reports, especially in 
urban areas (K’oreje et al., 2016; K’oreje et al., 2018; Kairigo et al., 
2020; Kimosop et al., 2016; Ngigi et al., 2020; Ngumba et al., 2016). 
Most recently, Kandie et al. (2020) reported 68 compounds not previ-
ously detected in the Kenyan environment including the anti-cancer 
drugs. Exposure of non-target organisms in the aquatic ecosystem to 
PCs has been associated with several disorders and biological dysfunc-
tions including the emergence of drug-resistant microbial isolates 
(Azuma et al., 2019). 

Carbamazepine, an anti-seizure drug, has been shown to survive 
traditional wastewater treatment approaches (Zhang et al., 2008; Kiecak 
et al., 2019) making the plants as point sources of CBZ loading into 
recipient waters especially in emerging economies (K’oreje et al., 2020). 

Carbamazepine is toxic and a potential carcinogen (Oetken et al., 
2005; Kosjek et al., 2009). The different methods for the removal of PCs 
and emerging contaminants from the water were recently reviewed and 
the details will not be reiterated here (K’oreje et al., 2020). Adsorption 
remains the favored method of PCs sequestration from water (Gao et al., 
2018). 

Among the adsorbents reported for removal of PCs from water are: 
carbon nanotubes (Deng et al., 2019), biochars (Shikuku and Kimosop, 
2020), activated carbons (To et al., 2017), haematites (Rajendran and 
Sen, 2018), zeolites (Ng’eno et al., 2019), metal-organic frameworks 
(MOFs) (Jun et al., 2019) and modified diatomaceous earth (Kimosop 
et al., 2019). Biochars are low-cost sorbents and are particularly sig-
nificant in sequestration of CBZ from water. Biochars derived from 
various precursor materials have been evaluated as possible adsorbents 
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for the removal of CBZ from water. These biochar feedstock include 
peanut shells (Chen et al., 2017), pine white wood (Naghdi et al., 2017), 
spent coffee grounds (Shin et al., 2020), and pine sawdust (Chu et al., 
2019) among other carbonaceous materials (Décima et al., 2021). 

The performance of agricultural waste-derived biochars is dependent 
on the type of waste, sorbent preparation conditions, activation or 
modification method and the chemistry of the pollutant while the sus-
tainability is dependent on the abundance of biomass (Décima et al., 
2021). The structure of akaganeite (β-FeOOH) is made up of iron oxy-
hydroxide frameworks possessing tunnels partially filled with chloride 
anions (Holm, 1985). These tunnels imbue akaganeite with properties 
suitable for encapsulating contaminants from water including heavy 
metals (Guo and Chen, 2005; Lazaridis et al., 2005), phosphates (Chi-
trakar et al., 2006), natural organic matter (NOM) (Genz et al., 2008) 
and as an additive to improve the functionality and adsorption capacity 
of granular activated carbon (Jang et al., 2008), polyaniline (Shokry 
et al., 2019), wheat straw biochar (Ji-hui et al., 2014) and other sorbents 
(Jianhai et al., 2012). Iron oxide has been demonstrated to be a useful 
additive for ameliorating the adsorption capacity of biochars (Wu et al., 
2020; Kim et al., 2019; Yang et al., 2017; Ji-hui et al., 2014). This is 
because the iron oxides, example magnetite (Fe3O4) and maghemite 
(Fe2O3), can form bonds with reactive amide and hydroxide groups 
present in organic compounds (Shan et al., 2016). However, the appli-
cability depends on the abundance of the biomass, and the preparation 
requirements for the modified biochar. Though akaganeite has unique 
properties that can improve the adsorption characteristics of the host 
material, to date, there is no published work on adsorptive abatement of 
carbamazepine (CBZ) by akaganeite modified maize cob biochars. Maize 
being a staple food in Kenya, its abundance and the simple single-step 
synthesis route makes it a potentially techno-economic adsorbent that 
can be replicated even in remote regions. This research aimed to eval-
uate the sorption abatement potential of akaganeite modified maize cob 
biochar (Fe-MCB) for carbamazepine remotion from water as influenced 
by several experimental factors. Adsorption kinetics was examined using 
the pseudo-first (PFO) and pseudo-second-order (PSO) models while 
isotherm fitting was evaluated using the Langmuir, Freundlich, Fowler- 
Guggenheim and Sips isotherm models. The model parameters were 
obtained by non-linear regression and five error functions were used to 
find the best-fitting model. 

Materials and methods 

Adsorbent preparation 

The maize cob biochar (MCB) was synthesized as described in pre-
vious work (Shikuku and Kimosop, 2020). Briefly, the MCB was pre-
pared by slow-pyrolysis at 350 ◦C at a heating rate of 10 ◦C min− 1 and a 
residence time of 60 min in a furnace. The product was then cleaned 
with deionized water and oven-dried at 100 ◦C for 2 h. The clean and 
dried biochar was then sieved through a 220 μm sieve and modified by 
impregnation with iron modified by direct hydrolysis following the 
protocol described by Kimosop et al. (2019). MCB (10 g) was diffused in 
an iron salt solution containing 10 g of FeCl3⋅4H2O in 50 mL of deionized 
water for 8 h, filtered, then oven-dried at 105 ◦C for 12 h, and the 
resultant sorbent (Fe-MCB) sieved through a 220 µm sieve before use. All 
chemicals were analytical grade purchased from Kobian Scientific 
(Kenya). 

Adsorbent characterization 

X-ray fluorescence (XRF) analysis was done for the determination of 
the elemental composition of the MCB and Fe-MCB. Nitrogen 
adsorption-desorption at 77 K (Quadrasorb Evo 4, Quantachome, USA) 
was used to determine the specific surface area of Fe-MCB. Prior to N2 

dosing, about 500–1000 mg of the sample was degassed at 120 ◦C for 
12 h under vacuum. Total surface area and micropore surface area was 

calculated from experimental isotherms using the Brunauer–Emmett–-
Teller (BET) analysis method. The surface functional groups in MCB and 
Fe-MCB were obtained by a Fourier-transform infrared (FTIR) spec-
trometer (Nicolet iS-5, USA). The mineral phases present in the biochars 
were determined using an X-ray Brucker diffractometer (XRD) (D8 
Advance) with copper radiation (Kα = 1.5406Ǻ). Surface morphology 
was inspected using scanning electron microscopy (SEM) (BITRI BSM 
6460LV and Zeiss Ultra60). The magnetic behavior of Fe-MCB was 
determined by a vibrating sample magnetometer (VSM) system (model 
XL-5). 

Adsorption studies 

Adsorption studies were carried out in batch mode. A weighed 
amount (0.1 g) of Fe-MCB was added to a 50 mL solution of carba-
mazepine (CBZ) (1 mg L− 1). The contents were agitated at 120 rpm at 
25 ◦C. The kinetics were evaluated over a period of 6 h with sampling 
and determination of residual CBZ at time intervals. The effects of initial 
adsorbate concentration (0.25–1.25 mg L− 1), temperature (25–65 ◦C), 
and solution pH (2–10) were also examined. High-performance liquid 
chromatography (HPLC) with ultraviolet (UV) detection (Shimadzu LC 
20AT) at 252 nm was used to determine residual carbamazepine (Chen 
et al., 2016). The CBZ retained in the solid phase at equilibrium (qe) was 
obtained using the relation: 

qe =
(Ci − Ce)V

m
(1) 

The percent adsorbate removal was obtained by the equation: 

%R =
(Ci − Ce)

Ci
× 100 (2) 

The initial and equilibrium sorbate concentrations (mg/L) are Ci and 
Ce, respectively, V is the volume of solution (L), and m is the mass of 
adsorbent (g). CBZ standard was purchased from Dr. Ehrenstorfer 
(Germany). 

Results and discussion 

Elemental composition 

The elemental compositions of the pristine biochar (MCB), and the 
iron-treated biochar (Fe-MCB) indicated an appreciable increase in iron, 
from 53.94 to 74.88 % in the sorbent (Table 1). The variations in 
chemical composition of other elements are possibly due to ion ex-
change or into solution during hydrolysis. 

Surface morphology 

The surface morphology of MCB and Fe-MCB as depicted in the SEM 
micrographs portray visible differences in surface structural features of 
the two materials. The pristine MCB (Fig. 1(a)) seems to possess a highly 
porous sponge-like structure with relatively large interconnected pores, 
unlike the Fe-MCB that portrayed a matrix of discontinuities and aka-
ganeite particles spread on the surface (Fig. 1(b)). 

Table 1 
Elemental percent (%) composition of the biochars by XRF.   

Fe K Cl Zn 

MCB  53.94  26.24  19.43 0.40  

Fe-MCB  74.88  3.13  22.00 n.d 

*n.d-not detected. 
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XRD analysis 

The diffractogram for maize cob biochar (MCB) (Fig. 2) revealed 
peaks characteristic of quartz (SiO2). The diffraction peaks at 2θ values 
of 26.40◦, 34.91◦, 38.99◦, 55.53◦, 60.98◦ and 77.41◦ in the MCB dif-
fractogram are typical of sylvite (Fig. 2). After chemical treatment, the 
Fe-MCB diffraction peaks at 28.22◦(310), 34.71◦(400), 40.40◦(301), 
49.94◦(530), 55.56◦(521), 58.51◦(002), 66.23◦(541) and 73.57◦ (Fig. 3) 
are characteristic of tetragonal Akaganeite (β-FeO(OH)) structure (Joint 
Committee on Powder Diffraction Standards (JCPDS) No. 34–1266). 
Other iron-oxide phases possibly present include magnetite and 
maghemite though their identification by XRD method is complex since 
they both have the same cubic structure, and their lattice parameters are 
almost identical (Ebrahim et al., 2016). 

FTIR analysis 

The FT-IR spectra for MCB and Fe-MCB are presented in Fig. 4. The 
structural –OH stretching vibration and outer –OH groups from surface 
adsorbed water was ascribed to the broad absorption band at 

3600–3700 cm− 1 (Namduri and Nasrazadani, 2008). These bands 
(3600–3300 cm− 1) in the Fe-MCB were sharp and pronounced relative 
to MCB. This suggests an increase in hydroxyl groups which are poten-
tial binding sites for organic adsorbates. The absorption bands at 1597 
cm− 1 are assigned to carbonyl (C––O) stretch, while those at 1339 and 
1350 cm− 1 are attributed to metal oxide. The bands at 633 and 667 cm− 1 

were ascribed to Fe-O vibration signals of iron oxide (Shikuku et al., 
2018b). The band around 764 cm− 1 is attributed to C–H vibrations. The 
relative change in band broadness and increase in intensity of absorp-
tion peaks in Fe-MCB compared to MCB such as C––O and Fe-O 
stretching bands indicates the interaction between the biochar and 
akaganeite particles (Ebrahim et al., 2016). 

Textural analysis 

The BET surface area of Fe-MCB was 2.58 m2 g− 1. The calculated 
total pore volume was found to be 0.0306 cm3 g− 1 with an average pore 
size of 30.15 nm corresponding to mesoporous materials. Since the 
equivalent Stokes radius of carbamazepine calculated by the Wilke- 
Chang and the Stokes-Einstein equations is 0.37 nm (Nghiem et al., 

Fig. 1. SEM micrograph of (a) MCB (b) Fe-MCB.  

Fig. 2. The XRD pattern for maize cob biochar (MCB).  
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2005), much smaller than the Fe-MCB average pore size, convective 
transport of the carbamazepine through the pores of this adsorbent is 
considered certain. 

Magnetic measurement 

Magnetic responsiveness can be utilized in recovering an exhausted 
adsorbent from the aqueous solution (Zhang et al., 2013). The magnetic 
properties of Fe-MCB adsorbent, as depicted in the hysteresis curve 
(Fig. 5), exhibited ferromagnetic properties and the magnetization 
decreased with an increase in temperature and becomes paramagnetic 
beyond 25 K due to the disorderliness of the magnetic moments. At room 
temperature (293–298 K), the material possessed extremely weak 
magnetization to be recoverable by an external magnetic field. 

Adsorption kinetics 

The amount of carbamazepine (CBZ) sequestered with time by Fe- 

MCB attained a maximum in about 120 min (Fig. 6) followed by equi-
librium with no appreciable change in the amount in the solid phase. 
The equilibration is a consequence of the saturation of the binding sites. 

The kinetic data was further tested using the pseudo-first-order 
(PFO) (Ho and McKay, 1998) and pseudo-second-order (PSO) (Ho, 
2006) rate equations using nonlinear regression. The applicability of the 
model to describe the reaction kinetics was decided based on four error 
functions: Hybrid fractional error function (HYBRID), Marquart’s per-
centage standard deviation (MPSD), Sum of squares error (SSE), and 
Average relative error (ARE) (Table 2) and the closeness between 
experimental (qexp) and model-predicted (qcal) equilibrium adsorption 
capacities. The calculated kinetic models’ parameters are presented in 
Table 3. 

Pseudo − first − order(PFO) mod el : qt = qe
(
1 − ℓ− k1 t)

Pseudo − second − order(PSO) mod el : qt =
q2

ek2t
1 + k2qet 

Fig. 3. The XRD pattern for akaganeite modified maize cob biochar (Fe-MCB).  

Fig. 4. FTIR spectra of MCB and Fe-MCB.  Fig. 5. Magnetic hysteresis loop for Fe-MCB adsorbent.  
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Based on the error functions and the degree of variance between the 
experimental (qexp) and the model-predicted (qcal) equilibrium adsorp-
tion capacities, the pseudo-first-order (PFO) model better predicted the 
adsorption kinetics relative to the pseudo-second-order (PSO) equation. 
Fig. 7 represents the comparative fitting of the experimental data to the 
kinetic models. The PFO model postulates physisorption governed rate- 
controlling step. 

Isotherm modeling 

The equilibrium data were fitted to four adsorption isotherms 
(Langmuir, Freundlich, Fowler-Guggenheim, and Sips isotherms) to 
predict the adsorption mechanisms. The isotherm parameters were 
calculated by the nonlinear regression method by minimization of 
regression sum of squares (RSS) function defined by equation (5). 

RSS =
∑N

1

(
qe,experimental − qe,predicted

)2 (5) 

The mathematical error functions presented in Table 2 were used to 
find the best-fitting model (Shikuku et al., 2018a; Zheng et al., 2019). 

Langmuir isotherm 
The Langmuir isotherm (Langmuir, 1916) proposes monolayer 

adsorption of adsorbate molecules onto a morphologically homoge-
neous adsorbent surface with a fixed number of energetically equal 
adsorption sites with no lateral interaction. The Langmuir equation is 
given as: 

qe =
Q0KLCe

1 + KLCe
(6)  

Where qe represents the amount of adsorbate adsorbed per unit mass of 
the sorbent at equilibrium (mg g− 1), Ce is the residual adsorbate con-
centration in the solution at equilibrium (mg L− 1), Q0 denotes the 
maximum adsorption capacity (mg g− 1) and KL is the Langmuir constant 
(L mg− 1). Relative to the other isotherms, high values of the calculated 
error functions (Table 4) denote that the assumptions of the Langmuir 
model cannot account for the adsorption mechanism of CBZ onto the 
modified sorbent, Fe-MCB. The inability of the Langmuir model to 
predict the adsorption of CBZ has been reported earlier, for iron- 
modified diatomaceous earth (Kimosop et al., 2019). The relative 
fitting of the isotherms to experimental data is shown in Fig. 8. 

Freundlich isotherm 
The Freundlich isotherm (Freundlich, 1906) assumes no lateral in-

teractions between the adsorbed moieties and assumes a multilayer 
adsorption process onto a heterogeneous adsorbent surface. The 
Freundlich isotherm is given as: 

Fig. 6. Variation of adsorption of CBZ by Fe-MCB with time (Co = 1 mg/L, 
dose = 0.1 g/50 mL). 

Table 2 
Error functions used in the study.  

Error 
function 

Equation Definition of parameters 

HYBRID 
100
n − p

∑n
i=1

(
qe(exp) − qe(cal)

)2

qe(exp)

qe(exp): experimental 
observations 
qe(cal): calculated values 
n: the number of 
observations in the 
experimental data; p: the 
number of parameters in 
the isotherm model. 

MPSD 

100

(
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
n − p

∑n
i=1

(
qe(exp) − qe(cal)

)2

qe(exp)

√
√
√
√

)

EABS ∑n
i=1 |
(

qe(cal) − qe(exp)

)
|

Chi-square 
(χ2) ∑n

i=1

(
qe(cal) − qe(exp)

)2

qe(exp)

Average 
relative 
error 
(ARE) 

100
n
∑n

i=1

(
qe(exp) − qe(cal)

)

qe(exp)

Table 3 
Calculated kinetics parameters.  

Kinetic model PFO PSO 

Parameters qe(cal) mg g− 1 = 0.165 qe(cal) mg g− 1 = 0.106  
K1 min− 1 = 3.00 K2 g mg− 1min− 1 = 0.006  
qe(exp) mg g− 1 = 0.170 qe(exp) mg g− 1 = 0.170 

HYBRID 1.960 2.88 
MPSD 14.00 16.99 
ARE 24.32 32.45  

Fig. 7. Comparison of predictive ability of PFO and PSO models to the exper-
imental data (Co = 1 mg/L, dose = 0.1 g/50 mL). 

Table 4 
Adsorption isotherm parameters.  

Isotherm Langmuir Freundlich Fowler- 
Guggenheim 

Sips 

Parameters Q0 = 0.019 1/n = 1.903 W = -3514.5 as = 0.007  
KL = 0.345 KF = 0.581 KFG = 0.387 qMS = 81.802     

Bs = 1.907 
EABS 2.248 1.208 0.395 1.206 
ARE 44.962 24.159 7.905 24.133 
HYBRID 5.543 1.766 1.099 2.645 
χ2 0.097 0.044 0.035 0.044 
MPSD 23.543 13.289 10.488 16.264  
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qe = KFC
1
/n
e (7)  

Where KF is the Freundlich constant (L/mg) and n is a dimensionless 
constant. 

The data were also fitted to the Freundlich model and the constants 
presented in Table 4. The Freundlich model predicted the experimental 
data better than the Langmuir isotherm but also fitted poorly relative to 
the other isotherms tested. Furthermore, the magnitude of n (0.525) 
would suggest a poor adsorption process (Treybal, 1981) while the 1/n 
suggests weaker adsorbate-adsorbent interactions corresponding to 
suggesting a physisorption mechanism (To et al., 2017). 

The Fowler-Guggenheim isotherm 
The Fowler-Guggenheim (F-G) model (Fowler and Guggenheim, 

1939) considers the adsorbate species’ lateral interactions in the solid 
phase. The Fowler-Guggenheim equation is expressed as: 

Ce =
θFG

KFG(1 − θFG)
exp
(

2θFGW
RT

)

(8)  

where KFG is the Fowler–Guggenheim equilibrium constant (L mg− 1), θ 
the fractional coverage, R the gas constant (kJ mol− 1 K− 1), T the tem-
perature (K), and W is an index of the interaction energy between 
adsorbed molecules (kJ mol− 1). 

In describing the adsorbate-adsorbate interactions for adsorbed 
molecules, when W is positive, the interactions are attractive. Negative 
W, on the other hand, signifies repulsive interactions. When no 
adsorbate-adsorbate interaction exists between the adsorbed molecules, 
W = 0. Based on the error functions (Table 4), the adsorption of CBZ 
onto Fe-MCB was best described by the Fowler-Guggenheim isotherm 
model. The negative W value indicates repulsive interactions between 
the adsorbed CBZ molecules (Shikuku and Mishra, 2021). 

Sips isotherm 
The Sips isotherm (Sips, 1948) combines the Freundlich and Lang-

muir isotherms and is used in heterogeneous adsorption where the 
adsorbed molecule has multiple adsorption sites. The model, however, 
does not account for adsorbate-adsorbate synergy. The Sips isotherm is 
expressed as: 

qe =
qmsasCBs

e

1 + asCBs
e

(9)  

Where qms, as and Bs are the isotherm constants. The constant Bs is the 
heterogeneity index whose magnitude increases with heterogeneity. 

Furthermore, as stated in the Langmuir equation, values closest to unity 
imply a homogenous adsorbent surface. The experimental sorption data 
were acceptably describable by the Sips model as depicted by the error 
function values (Table 4). The Bs parameter (1.924) denotes adsorption 
on a heterogeneous adsorbent surface. The predicted maximum 
adsorption capacity was 81.80 mg g− 1. Overall, the equilibrium data 
were described by the isotherms in the order Fowler-Guggenheim >
Sips > Freundlich > Langmuir. The performance of Fe-MCB was 
compared to modified biochars from different feedstock and the details 
are summarized in Table 5. It is shown that Fe-MCB has appreciably high 
adsorption capacity under comparable experimental conditions. 

Effect of pH 

The solution pH affects both the surface chemistry and the dissoci-
ation of organic compounds in solution that have a direct effect on the 
adsorption efficiency and mechanism. The effect of pH on (CBZ) uptake 
by Fe-MCB was evaluated and the results are presented in Fig. 9. 

CBZ removal efficiency was strongly dependent on the solution pH 
with the least percent removal noted at pH 6. Insight on the possible 
adsorption mechanisms was elucidated by a comparison of the dissoci-
ation constant of CBZ and sorbent’s pH of point of zero charge. 

The hydroxyl groups with a reported pKa 9.5–13 (Volesky, 2007) 
would be protonated at pH below 13, as in the experimental conditions, 
and so the surface charge of the sorbent (pHpzc, 5.6) was positively 
charged. CBZ is reported to have the following pKa values; pKa1 at 2.30 
(ketone group) and pKa2 13.90 (amine group) (Punyapalakul and Sit-
thisorn, 2010). This implies that between pH 2–10, CBZ molecules were 
present as neutral species (CBZ0). This excludes electrostatic forces as 
the driving adsorption mechanism. Additionally, the net positive surface 
charge of Fe-MCB (C-FeOOH2

+) (pHpzc = 5.6) implies reduced avail-
ability of oxygen functional groups to form Lewis acid-base complexes or 
hydrogen bonding. These adsorption mechanisms are therefore mini-
mal. CBZ being a hydrophobic molecule, dispersive interactions which 
are low-energy interactions are proposed as the predominant adsorption 
mechanism. Nevertheless, specific interactions with the functional 
groups in the pores of the sorbent with the urea moiety of CBZ cannot be 
ruled out (Nielsen et al., 2014) or interactions between the positively 
charged FeOOH2

+, [C-Fe(OH2)5]3+, [C-Fe(OH2)4(OH)]2+ on the Fe-MCB 
surface and the π-electron system of CBZ. The decreased adsorption at 
pH 6 could be attributed to weak electrostatic interactions (Liang et al., 
2020). 

Adsorption thermodynamics 

Adsorption processes are temperature dependent reactions. In this 
work, the dependence of the uptake of CBZ by Fe-MCB on temperature 
was examined in the range (25–65 ◦C). The thermodynamic parameters, 
ΔG, ΔH and ΔS, were computed using the following equations: 

ΔG = − RTln Kc (10)  

Kd =
qe

Ce
(11)  

Kc = 1000Kd (12)  

ln Kc =
ΔS
R

−
ΔH
R

1
T

(13)  

Where Kc is the equilibrium constant (dimensionless), Ce is the amount 
of CBZ in solution (mg L− 1) and qe is the amount of CBZ in the adsorbent 
(mg g− 1), at equilibrium. R and T are as previously defined. 

The decrease in removal efficiency (Table 6) as temperature rises 
denotes that the adsorption reaction is an exothermic process and is 
consistent with the negative Δ H reported. The negative Δ G values 
correspond to a thermodynamically spontaneous. The very low 

Fig. 8. Adsorption isotherms for CBZ uptake by Fe-MCB (Co = 0.25–1.25 mg/L, 
dose = 0.1 g/50 mL). 
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magnitude of ΔH (6.880 kJ mol− 1), attests that the physisorption ac-
counts for the adsorption mechanism of CBZ onto Fe-MCB with no ex-
change of electrons involved (Shikuku et al., 2015; Tome et al., 2021). 
This is consistent with the proposed dispersive interactions adsorption 
mechanism and predictions of the PFO model. 

Conclusion 

In this work, maize cob biomass, an abundant agricultural waste, was 

carbonized and the resulting biochar (MCB) was chemically modified 
with akaganeite (β-FeO(OH)) by hydrolysis to induce increased surface 
functionality. The resulting sorbent (Fe-MCB) was applied for the 
adsorptive remotion of carbamazepine (CBZ) from simulated waste-
water. The sorption data were best described by the Fowler-Guggenheim 
and Sips isotherm models with a maximum adsorption capacity of 81.8 
mg/g. The pseudo-first-order (PFO) law predicted the adsorption rate, 
achieving equilibrium in 120 min. The adsorption reaction was ther-
modynamically favorable, spontaneous (ΔG = -14.70 kJ/mol at 298 K), 
exothermic (ΔH = -6.88 kJ/mol), and physical. Although other func-
tional group-specific interactions are possible, dispersive interactions 
are thought to be the most probable adsorption mechanism. The 
adsorption capacity of Fe-MCB was comparable and superior to those 
reported in literature for CBZ removal from water. 
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