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Abstract
This study aimed at preparing and assessing the potential of cow dung biochar (CDB) in adsorption of selected pesticides 
(tebuconazole, λ-cyhalothrin and α-cypermethrin) and polycyclic aromatic hydrocarbons (PAHs) (naphthalene, phenanthrene 
and anthracene) from water. CDB was prepared by low temperature pyrolysis (300–350 ℃) and characterized for surface 
morphology, composition, crystallinity, phases and thermal properties before assessing its adsorption efficacy at different 
conditions, isotherm models and regeneration capacity for the target pesticides and PAHs. The morphologies of the samples 
indicated an amorphous structurewith –OH groups. The composite char had four phases of amorphous, transition, compos-
ite and turbostratic char phase while depicting high thermally stability. The adsorption capacities ranged between 78 and 
91%. The optimal adsorption conditions were 20 ℃ at a pH range of 4.0–8.0 for 30 min. Temkins adsorption was the most 
favored model. Chemisorption was exhibited for all sorbates except λ-cyhalothrin while following both pseudo-first order and 
Akrami-Erovich models. The adsorption processes were spontaneous under room temperature conditions. The adsorbents 
had an adsorption capacity of 63–80% for the third adsorption cycle indicating they would be regenerated successfully. As 
a matter of fact, the prepared CBD showed potential for removal of the chemical pollutants’ removal.
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1  Introduction

Access to clean water is a basic human and animal require-
ment. Water safety is determined based on World Health 
Organization (WHO) Clean Water Guidelines [1]. The tra-
ditional metrics for clean water have been based on physico-
chemical properties and waterborne microbes. However, 

there are emerging chemical pollutants (ECPs) from both 
point and diffuse sources, including Polycyclic Aromatic 
Hydrocarbons (PAHs) and pesticides [2]. The pollutants 
originate from agricultural activities, industrial wastewa-
ter and fossil fuel combustion and end up in water bodies 
consequently affecting the environment. These pollutants 
(specifically pesticides and low molecular-weight PAHs) are 
quite soluble in water with half-lives that are long enough 
to cause significant effects to the environment [3]. Some 
ECPs are carcinogenic and mutagenic to both humans and 
livestock [4].

A wide range of PAHs have been detected in water and 
sediments [5] and are relatively soluble in water, with their 
lipophilicity decreasing with molecular weight [4]. These 
compounds are made up of carbon and hydrogen in two or 
more fused aromatic rings. The molecular weight of PAHs 
is quite significant as it affects their lipophilicity as well 
as their atmospheric mobility and volatility [6–8]. In addi-
tion, PAHs in water associate freely with dissolved organic 
matter via binding and adsorption [9] which may lead to 
aquatic toxicity. Bio-availability of PAHs in water and 
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consequent exposure of animals through food and water 
has thus become a global ecological challenge [10]. In this 
regard, PAHs pose serious health challenges with several 
of them being classified as carcinogenic, mutagenic and 
teratogenic [6, 7].

It is worth mentioning that pesticides have unique mobil-
ity in soil increasing their probability of ultimately leach-
ing and seeping into water bodies [11]. Several pesticides 
are soluble or have solubilizers to ensure they can be easily 
conveyed by water during spraying as well as absorbed by 
plants or the target organisms. Most pesticides can stay in 
water for long periods; with half-lives of up to 50 years [12]. 
Lipophilic pesticides such as some of the organochlorines 
can also be absorbed in lipid tissues such as those of fish, 
and possibly end up in higher vertebrates when ingested 
[13]. The pesticides also have varying effects to non-target 
organisms [14].

Biochar is formed from pyrolysis of biomass in an anaer-
obic environment in the temperature range of 200–700 ℃ 
[15]. A wide range of biomasses with different physical and 
chemical properties have been successfully used to prepare 
biochar to meet diverse needs [16]. Some of the notably 
exploited biochar needs include soil amelioration, carbon 
sequestration and more recently water purification [17, 18]. 
Biochar has also been used to absorb moisture in compost 
bins or vermiculture as well as in reduction of bad odors 
in litter and livestock beddings [18]. Biochar has also been 
found to serve as a sink for carbon sequestration [18].

Cow-dung in Kenya is a relatively “under-exploited” bio-
mass resource. In the pastoral communities such as in Narok 
County, cow dung is abundant due to the pastoral activity 
of its natives [19]. This material has the potential to be uti-
lized for preparation of biochar adsorbents for removal of 
PAHs and pesticide residues in waste waters. This is because 
biochar has an excellent combination of physical properties 
suitable for numerous functions [20]. They include: presence 
of a porous structure, charged surface, and surface functional 
groups (such as carboxyl, hydroxyl, phenolic hydroxyl, and 
carbonyl groups) [20, 21]. Nanoparticle preparation and 
surface modification studies have also been conducted to 
enhance the functionalities of carbon [22, 23]. These proper-
ties make biochar a suitable candidate for water purification 
which is a challenge in Narok and Bomet counties and was 
thus the goal of this study.

In this study, we explore the suitability and efficacy of 
biochar from locally available cow dung biomass in prepa-
ration of water filters. This is in search of locally available 
filters aimed at eradicating the increasing pesticide residues 
and PAHs from waters in Narok and Bomet counties, Kenya. 
The study further delved into various adsorption parameters 
and models seeking to optimize the adsorption conditions 
for efficient removal of PAHs and pesticide residues in water 
using cow dung biochar (CDB).

2 � Materials and Methods

Cow dung biomass materials were collected from Narok 
County, Kenya, specifically cow dung, was obtained from 
pastoral fields in in the outskirts of Narok town. At least 10 
kg dry mass was purposively sampled. The samples were 
stored in a cooler box and transported to the lab for analy-
sis. Air drying under ambient conditions was performed 
to reduce moisture of the samples. The samples were then 
pretreated manually by removing debris, first by hand then 
using a handheld magnet to removed undesired metallic 
particles. The biomass was then crushed using a shredding 
machine (XRido, DZ-600, China) and sieved to a homog-
enous particle size of 10–15 mm diameter.

2.1 � Biochar Pyrolysis

Pyrolysis of the biomass material was done via low-tem-
perature pyrolysis. Biomass of 5.0 kg batches based on the 
capacity of the carbonizer were fed into the carbonizer hop-
per and compacted to reduce air-pockets. The carbonizing 
unit hopper has a combustion diameter of 1.0 m, height 
2.0 m, excluding dome height (0.7 m). It has five controlled 
air perforations (20.0 mm internal diameter) to control the 
oxidation process with an enclosed chimney system (height 
0.3 m by 150.0 mm internal diameter) as indicated in Fig. 1.

Controlled pyrolysis took place by closely maintaing the 
pyrolysis time to 25–35 min for each batch at 300–350 ℃ 

Fig. 1   A picture of the biomass carbonizing unit used to prepare bio-
char
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monitored using a pyrometer (Raytek PM, Model RAY-
RPM30L2G, power—9V DC/45mA, USA). This tempera-
ture range was chosen to maximize yields while retaining 
carbon surface sorption properties. Biochar from the car-
bonizing unit was spread out on a cooler unit – made from 
enclosed concrete to maximize aeration and heat conduc-
tion. The biochar residues were left to cool overnight. The 
residues were then ground to fine powder which was sieved 
using a 0.90 µm sieve.

2.2 � Biochar Characterization

2.3 � Functional Group Analysis

The presence of functional groups in the biochars were 
investigated using FTIR spectroscopy (Nicolet iS50 
FTIR, Thermo, USA). The FTIR spectra of the samples 
were recorded in the transmittance mode in the range of 
4000–500 cm−1.

2.3.1 � Surface Morphology

Field Emission Scanning Electron Microscopy (FE-SEM, 
Joel, Japan) was used to assess the morphological appear-
ance of CDB samples at the Northwest University, South 
Africa. The images were captured at an operating voltage of 
5 kV and a Robinson backscatter detector. Prior to imaging, 
the samples were coated using the gold sputtering method 
for 20 s under high vacuum environment to prevent charging.

2.3.2 � Elemental analysis

Electron dispersive spectrometry (EDS) was used for iden-
tification of the elements present using the FE-SEM. The 
results were then compared with those obtained by Induc-
tively Coupled Plasma—Optical Emission Spectrometer 
(ICP-OES); done at Kericho Tea Research Foundation labo-
ratory, Kenya following the method by Pizzanelli et al. [24]. 
Ionization was conducted by sequential acid digestion of 
150 mg of the samples with nitric acid (> 69%) and hydro-
gen peroxide (analytical grade, > 30%), followed by 2 mL 
HF (analytical grade, 40%) as per Reza et al., [25]. Boric 
acid (1.74 g, 98%, solid) and double-distilled water were 
then added to the 50 mL final volume in a volumetric flask. 
These measurements were carried out with an Optima 8000 
ICP-OES (Perkin Elmer, USA) operating at 1500 W and 
equipped with an autosampler (Perkin Elmer, S10) and a 
cyclonic chamber. The different elements were analyzed at 
varying wavelengths of maximum absorption as per Beer-
Lambert Law. The elements present were then determined 
by comparison with calibration curves obtained using com-
mercial standard solutions.

For X-ray Fluorescence, the samples were sent to Mines 
and Geology Laboratories and Kenya Revenue Authority 
(KRA) Laboratories, Nairobi, Kenya. The analyses were 
done following the method by Jones et al., [26]. Samples 
were scanned using an X-ray Fluorimeter using the X2B 
beam. A 1340 × 1300 pixels CCD camera with a pixel size 
of 4 μm was used to acquire radiographs of the sample using 
a CsI area X-ray detector. The X-ray energy used for the 
work was 12.987 keV. Metal contents of the materials were 
also investigated using micro X-ray fluorescence 88 (XRF) 
techniques. The beam size was 10 µm.

2.3.3 � Crystal Properties and Phases

The crystallinity index of the samples was analyzed using a 
Shimadzu XRD-700 X-ray Diffractometer at the Northwest 
University, South Africa. The samples in the form of milled 
powder were placed on steel sample holders and leveled to 
obtain total and uniform X-ray exposure. The samples were 
then analyzed at room temperature (25 ℃) with a monochro-
matic CuKα radiation source (λ = 0.1539 nm) in the step-
scan mode with a 2θ angle ranging from 10° to 80° with a 
step of 0.04 and scanning time of 5.0 min.

2.3.4 � Thermal Properties

A thermogravimetric analyzer (Netzsch STA DSC/TGA, 
Germany) was used to analyze the thermal properties of the 
biochar at Northwest University, South Africa. Approxi-
mately 0.011 g of the samples were used. The TGA was 
connected to an inert nitrogen gas flow and heated at a ramp-
ing rate of 10 °C/min from 30 to 1000 °C and the weight lost 
with temperature change was monitored. A sample purge 
flow using 99.9999% argon gas of 0.0–100 ml/min was used. 
Differential Scanning Calorimetry (DSC) and Differential 
Thermal Analysis (DTA) parameters from the TGA analyzer 
were used to obtain the heat flows of the biochar samples.

2.4 � Batch Adsorption Experiments

The batch adsorption studies were conducted at a room tem-
perature (22.5 ± 2 ℃) by agitated measured quantities (2.00 
g) of the adsorbents in 100 ml of the prepared standard pol-
lutant solutions comprising of PAHs (naphthalene, phen-
anthrene and anthracene) and pesticides (α-cypermethrin, 
λ-cyhalothrin and tebuconazole) all at 1.0 ppb initial sorbate 
concentration (Co). The standard reaction time adopted for 
the measurements was 30 min. The agitations were con-
ducted in an orbital shaker at 150 rpm with the required 
adsorbate parameters including adsorbate pH, reaction tem-
perature, adsorbent dosage, contact time and initial concen-
tration of the adsorbate solutions.
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After the adsorption process, the adsorbents were filtered 
out using a Whatman filter paper (pore size 0.45 µm). The 
percentage of adsorbate removal was calculated using Eq. 1;

Co is the initial adsorbate concentration and Ce is the 
final equilibrium adsorbate concentration (mg/L). Co and 
Ce were analyzed via gas chromatography (GC—Perkin 
Elmer, Clarus 680, UK) hyphenated to mass spectrometry 
(MS—Perkin Elmer, Clarus 8T) for PAHs and GC—time of 
flight mass spectrometry (GC-ToFMS, QP 2010SE series, 
Shimadzu, Japan) for pesticide solutions respectively.

The adsorption capacity, Qe was calculated using Eq. (2);

where V is the adsorptive volume of the solution in L, w is 
the amount of adsorbent used in g, and Qe is the removal 
efficiency of adsorbent in mg/g.

2.5 � Isotherm Models

The optimum adsorption parameters were evaluated and fur-
ther studied using different adsorption models, namely the 
Freundlich (Eq. 3), Langmuir (Eq. 4), Dubinin-Radushkevic 
(Eq. 5), Langmuir–Freundlich (Eq. 6) and Temkins (Eq. 7) 
models.

where: qm is the maximum adsorption capacity in mg/g, K is 
the isotherm constant, which refers to the sorption capacity 
of the material, n is the isotherm constant, ɛ is the Polanyi 
constant used for Dubinin-Rudushkevic equation; b is the 
Temkin constant (J/mol), T is the absolute temperature (K), 
R is the gas constant (8.314 J/mol K), and A is the Temkin 
isotherm constant (L/g). b can be obtained from plots of 
qe vs LnCe whereby the slope of the plot is RT/b and the 
y-intercept is RT/b LnA.

(1)%Removal = 100x
Co − Ce

Co

(2)Qe =
(Co − Ce)V

W

(3)qeF = KCe1∕nF

(4)qeL =
qmKCe

1 + KCe

(5)lnqe = −�
(

�2
)

+ Lnqm

(6)qeLF =
qm(KCe)nLF

1 + (KCe)nLF

(7)qe =
RT

b
(LnA) +

RT

b
(LnCe)

The Langmuir separation factor, RL, was used to deter-
mine the favorability of the adsorption process and was cal-
culated by Eq. (8);

where: KL is Langmuir constant (mg/g) and Co is initial 
concentration of adsorbate (mg/g), R L values indicate the 
adsorption to be unfavorable when RL > 1, linear when 
RL = 1, favorable when 0 < RL < 1, and irreversible when 
RL = 0.

The Polanyi constant, ɛ is quite fundamental in determin-
ing whether the adsorption takes place via chemisorption or 
physisorption. ɛ is calculated by Eq. (9);

where ɛ is the Polanyi constant and β is a constant related 
to adsorption energy. ɛ < 8.0 kJ/mol implies a physisorption 
reaction while 8 < ɛ < 16 kJ/mol implies an ion-exchange and 
this process is dual (both chemisorption and physisorption). 
Above 16 kJ/mol, the reaction is chemisorption in nature.

2.6 � Kinetic Studies

Several models were used to study the kinetics of the biochar 
adsorption including, the Lagergren model i.e. pseudo-first-
order, PFO (Eq. 10), pseudo-second-order, PSO (Eq. 11), 
Elovich and Avrami (Eqs. 12 and 13) and fractional power 
model, FPM (Eq. 14) as described by Puszkarewicz and 
Kaleta [27]. The differential forms of the models are illus-
trated below:

where t is the time, q the amount of adsorbate bound by the 
adsorbent (this amount may depend on time), qe corresponds 
to the value of q in equilibrium, i.e., q (t → ∞) = qe, k1 and 
k2 are constants. The kinetics of lead adsorption by the bio-
char were described by the Elovich (Eq. 12):

where qt is the quantity of adsorbate adsorbed at time 
t (mg/g), α (0.035 mg/g/s) is a constant related to chem-
isorption rate and β (mg/g) is a constant which depicts the 
extent of surface coverage. The two constants (α and β) can 
be calculated from the intercept and slope of the plot of qt 

(8)RL =
1

1 + KLCo

(9)� =
1

√

2�

(10)
dq(t)

d(t)
= k1(qe − q(t))

(11)
dq(t)

d(t)
= k2(qe − q(t))2

(12)qe =
1

�
Ln(��) +

1

�
Ln(t)
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versus Lnt respectively. The time-dependent model related 
to adsorption mechanism is given by the Avrami equation 
as illustrated in Eq. (13);

where KAv is the Avrami constant and nAv is the Avrami 
model exponent of time related to the change in mechanism 
of adsorption. KAv and nAv can be obtained from the inter-
cept and slope of the plot of ln[− ln(1 − α)] against Lnt. The 
Fractional Power model was also used to describe the rate 
of adsorption of the pollutants on the adsorbent surface as 
illustrated in Eq. (14):

where K and v are constants and v should be less than unity. 
The sorption rate at is defined as Kv. Log K and v are the 
intercept and slope of the plot of log qt against log t respec-
tively thus antilog of intercept gives the value of constant K. 
v is also a constant that is usually less than unity if adsorp-
tion kinetic data fits well into power function model. Qt is 
the quantity of adsorbate adsorbed at time, t.

2.7 � Intra‑Particle Diffusion Model

Intra-particle diffusion model was studied using the Weber 
and Morris model according to Wang and Guo [28] method 
as indicated in Eq. (15);

where qt (mg/g) is the amount of pollutants adsorbed at time, 
t and Kdiff (mg/g/min−1/2) is the rate constant for intra-parti-
cle diffusion. The thickness of the boundary layer can also 
be obtained from the value of C, whereby a large intercept 
suggests large boundary layer effects. A plot of qt versus 
t1/2 can give a linear indication that intra-particle diffusion 
is involved in the adsorption process or two or more steps 
govern the adsorption process.

2.8 � Thermodynamics Effects

The thermodynamics effect on adsorption were studied to 
determine effect of spontaneity and the nature of adsorbate-
adsorbent interactions (∆G°, ∆H° and ∆S°) using Eqs. (16 
and 17);

where T is the temperature in Kelvin, R is the gas constant 
and Ko is the adsorption–desorption coefficient and can be 
obtained from Qe/Ce. A plot of Ln Ko versus 1/T should 

(13)Ln[−Ln(1 − �)] = nAvKAv + nAvLn(t)

(14)Lnqt = LnK + vLnt

(15)qt = Kdifft1∕2 + C

(16)LnKo =
ΔS◦

R
+

ΔH◦

RT

(17)ΔG◦ = −RTLnKo

give a linear plot and ∆H° and ∆S° can be calculated from 
the slope and intercept respectively.

2.9 � Regeneration Studies

Regeneration studies were conducted following isother-
mal and chemical desorption of the sorbates from the CDB 
adsorbents according to the method published by Rojas et al. 
[29]. After the adsorption assays, the adsorbents impreg-
nated with sorbates were centrifuged and the supernatant 
decanted out. The adsorbents were then soaked in 50.0 ml of 
0.01 M CaCl2 solution for two hours with constant agitation 
at 150 rpm in room temperature conditions. The adsorbents 
were then washed with excess distilled water three times 
and left to air-dry for 48 h before re-adsorption. Adsorption 
capacities for the regenerated adsorbents were evaluated as 
illustrated in Eqs. 1 and 2.

2.10 � Statistical Analysis

Statistical analysis was performed using Origin (Version 
2018), Microsoft Excel (version 2016) and Graphpad Prism 
9.5.0 (730) for Windows (Prism, USA). Data from analyses 
conducted was reported as mean ± standard deviation. Cor-
relations were considered to be statistically significant at a 
95% confidence interval (P < 0.05).

3 � Results and Discussion

3.1 � Morphological, Crystallinity and Thermal 
Analyses

The CDB FT-IR spectrum (Fig. 2a) indicated several peaks 
with potential for adsorbing pollutants at the adsorbent sur-
face. [30].Weak haloalkane stretching bends were observed 
at 540 cm−1 [31]. There were broad symmetric C-O stretches 
at 1060 cm−1 illustrating presence of carbonyl groups asso-
ciated with carboxylic groups and anhydrides. The sample 
also indicated a strong C-O stretching aliphatic ether peak 
at 1190 cm−1. The CDB had a stretching sulfone peak at 
1326 cm−1. The sample also had a broad carboxylic –OH 
stretch peak at 3670 cm−1 significant for formation of bands 
during adsorption of water contaminants [31].

The SEM micrographs of the biochar samples before and 
after pyrolysis (Fig. 2b, c, d). The micrograph of the raw cow 
dung indicated spread out particles of different shapes and 
forms. The difference in brightness of the pyrolyzed micro-
graphs could be clearly observed which could be related to 
presence of different phases as seen in Fig. 2d [32]. From the 
micrographs, it is expected that more physisorption would 
occur, since there were numerous overlapping particles that 
would lead to adsorption [33]. Feng et al. [34]. observed 
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similar micrographs attributing the ‘pockets’ causing micro-
bial adhesion.

The XRD spectrum of the biochar (Fig. 2d) exhibited 
four predominant peaks at different diffraction wavelengths 
arising from the change in biochar moieties with pyrolysis 
during preparation [35, 36]. The samples had an amorphous 

phase characterized by a broad peak between 10 – 25o 
assigned an XRD plane index of C(101) due to presence of 
amorphous char combined with hemicellulose and lignin 
transiting towards biochar in an aromatic polycondensation 
process [20]. The peak at 17° was attributed to cellulose in 
CDB [37]. The peak illustrated a plane of graphite structure 

Fig. 2   FT-IR spectrum (a), SEM micrographs before pyrolysis (b) and after pyrolysis at 10 µm (c) and 100 µm (d), XRD diffractogram (e) and 
the TGA and DTG spectra (f) of CDB biochar
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indicating classic local-order structures of carbon material 
[37]. At a diffraction wavelength of 38.5°, a transition char 
phase was observed arising from both organic and inorganic 
moieties in the biochar samples rising from crystallization 
of labile organic molecules during pyrolysis [20, 35, 38]. 
The transition char phase peak in CDB was relatively more 
intense due to presence of more carbon-ratio in the precursor 
biomass [39]. The composite char phase peaks at the diffrac-
tion wavelength of 44.5° resulted from pyrogenic amorphous 
carbon formation leading to a composite phase with poorly-
ordered graphene stacks [20, 40]. Turbostratic char phase 

peaks were observed in both biochar samples at a diffraction 
wavelength of 78.0°. The phase comprises of crystallites of 
disordered graphite formed from condensation and reorder-
ing of carbon atoms during pyrolysis [20, 41]. In general, 
CDB was found to have irregular peaks (due to presence of 
inorganic salts) with relatively less intense and broad peaks 
illustrating amorphousness.

The DTG thermograms of the biochar samples portrayed 
CDB as being quite thermally stable (Fig. 2e). The dehydra-
tion rate was reduced by the low C/H/O ratio nature of CDB 
matter and presence of inorganic compounds [42]. The net 

Fig. 2   (continued)
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decrease in the weight of the CDB biochar was relatively 
low indicating high recalcitrance and thermal stability of 
CDB [43]. According to Al-Harby et al. [44], the relatively 
high enthalpy shifts observed for CDB illustrate potential to 
withstand chemisorption (characterized with high enthalpy 
changes) when used as adsorbent. These biochar enthalpy 
shifts were however lower than those obtained for biochar 
from coconut shell activated carbon/polyethylene glycol 
(90.2 J/g) [45], almond shells biochar/polyethylene glycol 
(82.73 J/g [46] and potato activated carbon/polyethylene 
glycol (91.80 J/g) [47].

The DTG analysis of the biochar samples is illustrated in 
Fig. 2e. The CDB sample had a relatively stable differential 
weight loss owing to presence of both non-labile and inor-
ganic matter in this sample. The DTG peak features exhib-
ited four different phases characterized by different chemical 
reactions leading to weight changes in regards to the original 
mass of the CDB. The region between 1 and 200 °C was 
characterized by a sharp dip that rekindled the curve and was 
followed by slow gradual weight loss. This weight loss is 
attributed to evaporation of moisture in the sample [37]. The 
region 200 – 310 °C was also occasioned by a relatively slow 
weight loss with a slight dip close to 310 °C due to loss of 
organic matter in CDB. The region between 310 and 450 °C 
is occasioned by pyrolysis of cellulose, hemicellulose and 
starch molecules and equally experienced negligible weight 
losses [48]. Between 450 and 800 °C, carbonization of the 
CDB took place occasioned by lignin degradation. The peak 
profile for CDB in this region was equally slow including at 
500 °C expected to have charcoal devolatilization [49]. The 
slow weight loss of CDB was attributed to several phases 
and inorganic moieties that cause heat recalcitrance [50]. 
This high temperature recalcitrance property makes CDB a 
suitable material for extreme temperature water filters.

3.2 � Elemental and Oxide Composition Analysis

The carbon:hydrogen:oxygen (C/H/O) content in the CDB 
biochar was found to be 86.5% as indicated in Table 1. CDB 

also contained several trace metals such as calcium, potas-
sium, aluminium and iron as well as some of their oxides 
(Table 2) attributed to the diversity in composition of cow 
dung arising from different biomass feedstock ingestion 
[51, 52]. There are also more labile organic matters in cow 
dung that are easily lost during pyrolysis before formation 
of recalcitrant compounds [53].

The ICP-OES findings (Table 3) resonated with the EDS 
findings as far as the composition of CDB biochar were 
concerned. From the findings, at least 7.72% of the CDB 
composition was not C/H/O. C/H/O ratios are prone to 
dehydration process during biochar formation [54] as well 
as decarboxylation arising from increased cow dung conden-
sation [55]. High carbon content in the starting material is 
a crucial parameter for the formation of particles with high 
specific surface area and porosity [37, 56]. There was 0.49% 
of phosphorus in CDB biochar contributed by presence of 
proteineous matter in cow dung [57]. This is also critical in 
regulating high levels of alkalinity as would be formed by 
the numerous metal alkalis in aqueous media [58].

There were seven detected elements in CDB (Table 3) 
arising from different raw material composition of CDB. 
Sulfur, aluminium and tin were all detected in minute con-
centrations while at least 1.56% of CDB comprised of Fe 
essential for highly selective adsorption of organic pollutants 
in water [59]. This arises from the high reactivity of iron 

Table 1   The elemental composition of CDB samples by EDS analysis

Element Mass (%) Atom (%)

C 51.48 ± 0.18 62.06 ± 0.22
O 35.02 ± 0.33 31.68 ± 0.29
Mg 0.29 ± 0.02 0.17 ± 0.01
Al 1.14 ± 0.03 0.61 ± 0.02
Si 7.99 ± 0.08 4.12 ± 0.04
K 0.55 ± 0.03 0.20 ± 0.01
Ca 2.34 ± 0.05 0.85 ± 0.02
Fe 1.19 ± 0.05 0.31 ± 0.01
Total 100.00 100.00

Table 2   The oxide composition 
of CDB samples by XRF 
analysis

Compound Concentra-
tion Unit 
(%)

Al2O3 11.0
SiO2 37.0
SO3 0.70
K2O 4.00
CaO 20.4
TiO2 1.10
MnO 1.00
Fe2O3 24.0
Total 100.0

Table 3   ICP-OES results of the 
biochar samples

Element CDB (%)

P 0.49
K 1.01
Ca 3.01
Mg 0.43
Mn 0.103
Al 1.11
Fe 1.56
Total 7.713
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with organic ligands leading to larger complexes [60, 61]. 
From the XRF findings (Table 2), silicon (37.0%) wasthe 
most abundant element present in CDB and is essential in 
adsorption of large bio-molecules due to its high ability for 
formation of hydrogen bonds [62]. The relatively abundant 
concentration of Si in CDB also makes it suitable in passi-
vating other heavy metal pollutants from wastewater during 
adsorption process [63].

3.3 � Batch Adsorption Experiments of PAHs 
and Pesticide Residues Using the CDB 
Adsorbent

Temperature increase was found to favor adsorption of the 
pollutants up to 10 ℃ after which further increase in tem-
perature did not have a significant effect on the adsorption 
efficiency using the CDB adsorbent. When PAH pollutants 
were involved, increase in temperature beyond 10 ℃ led to 
a slight decrease in Qe to 95%. Anthracene indicated lower 
adsorption trends when both adsorbents were used with a 
Ce of 80% as indicated in Fig. 3a. Naphthalene adsorption 
profile was the highest adsorbed illustrating a positive corre-
lation with increasing temperature. Tebuconazole adsorption 
profile was significantly lower (P ≤ 0.05) than for the other 
pesticides in the CDB system with a Qe of 63%. Several 
studies confirmed adsorption of pesticides as being exother-
mic and thus having their adsorption profiles decrease over 
time [64–67]. From Fig. 3a, the optimal adsorption tem-
perature was 10–20 ℃ which is the average temperature of 
most water systems. This indicates no additional heating or 
cooling would be necessary for optimal functioning of the 
adsorbents.

From Fig. 3b, the pollutants exhibited different adsorp-
tion profiles against the reaction time. For PAHs, optimum 
adsorption was achieved after 40 min with a reduction in 
Qe being observed after 50 min implying possible desorp-
tion. This would be attributed to thermal effects and surface 
microporosity of the adsorbent sites as well as back diffu-
sion [68]. Naphthalene attained Qe at a higher adsorption 
capacity compared to the phenanthrene and anthracene but 
this fell sharply after 50 min. The small size of naphtha-
lene makes it more convenient to fit into the adsorbent pores 
compared to the other larger PAHs [69]. The eventual Qe 
for anthracene was relatively larger at the end of the reac-
tion (60 min). Different adsorption profiles for naphthalene 
have been extensively studied as indicated in Table 4, with 
the present study concurring with most of the findings of 
the other studies. The present study however reveals attain-
ment of adsorption equilibrium at a faster rate under ambient 
conditions and a relatively similar adsorption capacity. This 
indicates CDB has high potential for naphthalene adsorption 
from water systems.

The adsorption profiles of phenanthrene and anthra-
cene were closely related, possibly due to their similarity 
in molecular weights and sizes and thus similar affinity to 
adsorbent pores. Zhou et al. [76] found a close correlation 
between PAHs number of rings and the adsorption trends. 
There was adsorption – desorption profiles of the pesticides 
especially for λ-cyhalothrin and tebuconazole after 30 min 
and the Qe remained unchanged until the end of the adsorp-
tion process. The Ce for tebuconazole was significantly 
lower throughout the reaction with a Qe of 81% against 
95% and 96% for α-cypermethrin and λ-cyhalothrin respec-
tively. These differences could be attributed to variation in 
octanol–water partition coefficient values for tebuconazole 
versus λ-cyhalothrin and α-cypermethrin thus leading to dif-
ferent contact times in water and the adsorbent [77]. The 
release of molecules beyond 25 min exhibited for all the pes-
ticide adsorption profiles indicate that the adsorption takes 
place via physisorption or dual adsorption method [66]. This 
type of adsorption enables desorption of pesticide residues 
on the adsorbent sites as a result of physical agitation dur-
ing stirring and with changing chemical environment on the 
adsorbent sites [66, 70].

All the pollutants indicated maximum Qe at a pH 
range of of 4.0–8.0 with adsorption efficacy decreasing 
with increased pH levels beyond 8.0. Adsorption levels 
of between 90 and 95% were recorded at pH 4.0–6.0 for 
most of the pollutants (Fig. 3c). The adsorption efficiency 
of tebuconazole was low with the lowest adsorption occur-
ring at pH 10.0. Similarly, for the PAH pollutants, there 
were enhanced decline in adsorption efficiency for anthra-
cene with increasing pH value compared to naphthalene 
and phenanthrene. The optimal adsorption values at acidic 
media were attributed to high number of charged protons 
(H+) which would drive the non-polar PAHs out of the solu-
tion to the adsorbent.

Effect of sorbate concentration on adsorption varied 
significantly with the adsorbents (Fig. 3d). The unsteady 
adsorption profiles exhibited by CDB can be attributed to 
irregular surface morphology and composition of CDB 
leading to weaker adsorption with the adsorbents [78]. 
There were irregular adsorption profiles with relatively 
higher adsorption profiles at a concentration of 2.0–4.0 ppb 
for both PAHs and pesticide residues. Similar trends were 
observed by Srikhaow et al. [79] for adsorption of pesticides 
using various biochar adsorbents. Further concentration led 
to a decline in the adsorption profiles with the desorption 
being attributed to surface-binding competition compounds 
formed between CDB compounds and the pollutants. The 
profile of naphthalene was more enhanced compared to the 
other PAHs due to the increased reactivity of more volatile 
PAHs in water [80]. Anthracene adsorption was the least 
and this would be attributed to the microporous nature of the 
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Fig. 3   Effect of temperature (a), reaction time (b), sorbate pH (c), 
sorbate concentration (d) and sorbent dosage (e) on adsorption effi-
ciency. The standard reaction parameters adopted for the varying 

measurements were: Temperature of 22.5 ± 2 °C, Co of 1.0 ppb, reac-
tion time of 30  min, adsorbent dosage of 2.0 g/100.0 ml adsorbent 
while pH varied with adsorbates used
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CDB surface leading to lower adsorption of heavy molecules 
such as anthracene [81].

The adsorption profiles of the PAHs with varying adsor-
bent dosage resembled those of the sorbate concentrations 

(Fig. 3e). There was a reduction of adsorption capacity after 
1.0 g of the adsorbent dose for both PAHs and pesticide 
pollutants. This variation can be explained in terms of the 
sorbate effective concentration on the adsorbent sites which 

Fig. 3   (continued)

Table 4   A comparative analysis of the contacts time for adsorption of naphthalene with previous studies conducted

Adsorbent Adsorption Capacity 
(mg/g)

Optimal Temperature 
(℃)

Equilibrium Time References

Activated carbon (commercial) 271.72 20 NA Iovino et al., [70]
Activated carbon (bean pods) 300 NA 72 h Cabal et al., [71]
Zeolite 769.23 NA  > 200 min Chang et al., [72]
Activated carbon (kernel shells) 21.00 28 2 h Alade et al., [73]
Activated carbon (flamboyant pods) 294.12 28 2 h Alade et al., [73]
Boehmite nanopowder 200 25 1 h Abu-Elella et al., [74]
Activated carbon (banana peels) 333.33 20 80 min Gupta and Gupta, [75]
Cowdung biochar 382 ± 62 10 – 20 40 min Present study
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is related to the chemical interaction of the sorbates and the 
adsorbent molecules in water. Apart from tebuconazole, the 
irregular adsorption profiles experienced while using CDB 
are attributed to the mesoporous surface of CDB and thus 
early saturation of the sites.

3.4 � Isotherm Models

All the pollutants exhibited negative slopes when subjected 
to Langmuir and Freundlich adsorption isotherms (Table 5) 
illustrating that they did not conform to these isotherms. 
These outcomes were dictated by the nature of the biochar 
adsorbents used as well as the binding affinity of the pollut-
ants on the surface of the biochar [82]. From Fig. 1, the bio-
char adsorbent was heterogeneous, rough and non-uniform, 
thus there was over-stacking of sorbate molecules on the 
sorbent. The negative slopes evidenced in the Freundlich 
models also illustrated lack of empirical adsorption condi-
tions as required by this model.

All the Langmuir separation factors, RL had a value of 
1.00 indicating linear though unfavorable adsorption in this 
model. The non-conformities to the Langmuir model were 
depicted by the negative slopes and low R2 values as seen in 
Table 5. High monolayer saturation capacity was observed 
for the biochar samples. There were no notable differences 
in the adsorption capacities amongst the different types of 
sorbates. The R2 values for Freundlich and Temkins model 
were significantly higher than those of Langmuir model 
(P ≥ 0.05), clearly indicating that the Langmuir model was 
not favored. This would be attributed to the heterogeneous 
and mesoporous nature of the adsorbents and presence of 
impurities (Table 5), thus leading to interactive effects with 
neighbors which discourage the Langmuir model [83]. Most 
of the sorbates also recorded a negative adsorption intensity 
in the Freundlich model. However, the adsorption capaci-
ties when the Freundlich model (1.64–2.75) was used were 
significantly higher (P ≥ 0.05) than those of the Langmuir 
model (-0.13 to -0.73).

Based on the R2, Temkins model was the most favored 
adsorption model implying a gradual decline in binding 
energy with increased adsorption coverage on the CDB sorb-
ent [84]. The adsorption capacities in Temkins model were 
the highest for all the models tested and ranged between 0.82 
and 14.7 mg/g. The diverse range of KT values indicated 
variation in the thermal interactions of different pollutants 
with the adsorbents. The extremely high or low KT values 
were due to more number of exposed adsorption sites [85].

The Polanyi constant values, ɛ and maximum saturation 
capacity, Qm of the adsorbents as per the Dubinin-Radush-
kevic isotherms are indicated in Table 6. The biochar sam-
ples indicated negative slopes for Dubinin-Radushkevic iso-
therms. The Qm values were in the range of 3.75–4.48 mg/g 
attributed to the relatively larger pore volumes in CDB thus 
creating ‘pockets’ of adsorption sites. Additionally, the rate 
of sorbate desorption was found to increase with adsorbent 
dosage beyond 1.0 g. There was a significant variation in ɛ 
with the sorbates due to the morphology of the adsorbent 
particles lead to more repulsion with incoming sorbate mol-
ecules and release higher Gibbs free energy (more entropy). 
All the sorbates except λ-cyhalothrin exhibited chemisorp-
tion or a mixture of the two as the mode of adsorption used. 
Ambaye et al. [82] illustrates this mode as the most preferred 
involving use of Van der Waals forces, hydrogen bonding 
and hydrophobic interactions for biochar while binding with 
organic pollutants.

Table 5   Adsorption isotherm parameters for Langmuir, Freundlich and Temkins models for the interaction of CDB and target pesticides and 
PAHs

Biochar Type Sorbates Model

Langmuir Freundlich Temkins

KL RL Intercept
(mg/g)

Slope R2 Intercept
(KF)

Slope
(n−1)

n R2 KT (Lmol−1) Intercept
(mg/g)

Slope R2

CDB λ-cyhalothrin −0.73 1.00 0.24 −0.33 0.40 1.74 −0.03 −33.3 0.94 0.64 0.82 −1.83 0.95
Tebucunazole −0.26 1.00 0.43 −1.66 0.34 2.65 −0.47 −2.13 0.94 0.66 6.26 −14.8 0.98
α-cypermethrin −0.37 1.00 0.29 −0.77 0.29 1.76 −0.05 −20.0 0.87 0.45 1.99 −2.52 0.88
Naphthalene −0.13 1.00 0.49 −3.89 0.50 2.75 −0.51 −1.96 0.86 0.41 13.7 −15.4 0.92
Anthracene −0.17 1.00 0.36 −2.13 0.09 1.64 0.00 1.00 0.49 Too large 14.7 0.11 0.50
Phenanthrene −0.37 1.00 0.29 −0.78 0.35 2.18 0.12 8.33 0.88 0.41 8.77 −9.81 0.91

Table 6   Dubinin-Radushkevic adsorption isotherm parameters

Sorbate Qm (mg/g) ɛ (KJ/mol) Nature of Adsorption

λ-cyhalothrin 3.75 7.60 Physiosorption
Tebucunazole 4.18 12.5 Dual
α-cypermethrin 4.24 10.9 Dual
Naphthalene 4.19 12.5 Dual
Anthracene 3.95 8.50 Dual
Phenanthrene 4.48 8.80 Dual
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3.5 � Kinetic Models

The different sorbates and biochar were found to have var-
ied fittness with the PFO, PSO and Erovich-Akrami kinetic 
models evaluated. Pesticides adsorption using the biochars 
were had the best fitted PFO kinetics model with R2 fit-
ness value of above 0.94 (Fig. 4). This implied that the 
rate-determining step used in adsorption of the pesticides 
onto CDB was linear to the initial concentration of these 
pesticides [28]. The Kf values of the three pesticides were 
in the order of λ-cyhalothrin (1.02 min−1) > tebuconazole 
(1.10 min−1) > α-cypermethrin (1.26 min−1). The differ-
ence in reaction constants are attributed to different reac-
tivities based on the pesticides functional groups affin-
ity to CDB [82]. Jie et at. [86] found out similar findings 
in adsorption of cypermethrin onto bacteria consortium 
immobilized on biochar (Kf value of 0.0422 d−1).

Smaller sorbates are favored by these mode of adsorption 
thus the pesticides had a larger R2 fitness value compared 
to the relatively larger PAHs molecules. Most of the sorb-
ates with good fitness for PSO and undergo both chemisorp-
tion and physiosorption as was evidenced from the results 
presented in Table 6. The PAHs samples indicated positive 
response to PSO compared to the pesticide samples which 
all exhibited negative slopes for PSO (Fig. 5). This can be 
attributed to differences in chemical polarities and thus dif-
fering surface reaction by the two groups of compounds 
[87].

For the PAHs adsorption, both PSO and Erovich-Akrami 
models indicated a positive slope. However, the slope by 
Erovich-Akrami had higher R2 values of above 85% indi-
cating more fitness to this kinetic model compared to the 
other models (Figs. 5 and 6). The findings illustrate that the 
rate-determining step of PAHs adsorption onto CDB were 
governed by energy heterogenity on the CDB surface in 

Fig. 4   Pseudo-first order (PFO) 
kinetic models of the PAHs (a) 
and pesticide (b) adsorbates

Fig. 5   Pseudo-second order (PSO) kinetic models of the PAHs (a) and pesticide (b) adsorbates
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preferance to adsorbate initial concentration or the adsorp-
tion capacity of the CDB adsorbent as is the case for PSO 
models. The desorption constants, β of the three PAHs were 
in the orders of phenanthrene (0.019 mg/g) < naphthalene 
(0.034 mg/g) < anthracene (0.039 mg/g). This implies that 
the extent of surface coverage also increased in this order 
due to the polarities of these molecules amongst other fac-
tors [87]. Wu et al. [88] found similar findings, with R2 
values in the range of 0.84–0.87 during adsorption of sin-
gle-component and binary naphthalene and phenanthrene 
on walnut shell based activated carbon. In their study, the 
desorption constants, β were in the range of 2.48–5.08 mg/g. 
This indicated that the CDB adsorbent had a longer affinity 
for PAH sorbates which is a desirable attribute for water 
filter adsorbents.

From the fractional power model (Fig. 7), it was observed 
that there was a positive fit to this model for adsorption of 
PAH ions while that of pesticide ions with sorbents was 
negative. This difference was attributed to different chemi-
cal ion-interactions between the sorbates and their environ-
ments leading to adsorption [89]. The y-intercepts of the 
graphs depict the rates of sorption of these sorbates at any 
constant time (t = 1) [89]. These rates were in the orders of: 

naphthalene > phenanthrene > anthracene for the adsorbents 
due to the reactivities of these PAHs which are in the same 
order owing to their sizes and mobility [90]. The values of 
Qt at initial cocentration were all very close to the experi-
mental Qe and the model can thus be used to estimate Qe at 
minimal concentrations [91]

3.6 � Intra‑Particle Diffusion Model

The PAHs sorbates indicated a positive fit towards the intra-
particle diffusion model unlike the pesticide sorbates for the 
adsorbents (Fig. 8). The R2 values (0.54–0.88) were however 
much lower and depicted a poor Morris-Weber fitness of 
the PAHs adsorption when using CDB. None of the plots 
passed through the origin coordinate of the graphs (0,0) thus 
indicating that adsorption was not controlled by diffusion 
process in entirety. Other multiple processes such as sorb-
ate concentration, reaction time and temperature must have 
been involved in the adsorption processes [92]. The y-inter-
cept values of the PAHs sorbates ranged between 25 and 
32 mg/g. The Qt values of both adsorbents were in the order 
of phenanthrene < naphthalene < anthracene attributed to 
molecular size and reactivity [90]. The enhanced Qt values 

Fig. 6   Avrami-Erovich kinetic 
models of the PAHs (a) and 
pesticide (b) adsorbates

Fig. 7   The Fractional Power 
Model plots of the PAHs (a) 
and pesticide (b) adsorbates
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can be linked to rapid boundary layer diffusion of sorbates 
accross liquid films towards adsorbents [93] which com-
mon in microporous adsorbents like CDB. The Qt values 
of anthracene were lower and possibly due to intra-particle 
diffusion on the macroporous CDB adsorbent [93]. Adsorp-
tion of anthracene using this adsorbent is thus desirable due 
to their fast adsorption of large amounts of sorbates.

3.7 � Thermodynamic Studies

The thermodynamic profiles during adsorption of the sorb-
ates onto CDB adsorbents were evaluated as indicated in 
the Van’t Hoff plots in Fig. 9 and the other thermodynamic 
parameters in Table 7. From the Van’t Hoff plots, pesticides 
sorbates adsorbing onto CDB had better fits to this model 
compared to the PAHs ones. This implies that there was a 
linear increase in adsorption (Ko increase) onto CDB with 
decrease in temperature. The adsorption processes were thus 
favored with an exothermic reaction up to saturation point. 
This implies that CDB has high heat tolerance which would 
be attributed to its composition (Table 1–3). There were 
some analogous observations made for naphthalene and 
anthracene which were favored by the Van’t Hoff model. The 
analogous behavior of phenanthrene to the Van’t Hoff model 

can be alluded to its azeotrope-like behavior upon exposure 
to high temperature leading to increased spontaneity [94].

The highest Ko value recorded at 298 K was that of 
anthracene which was also significantly higher (P ≥ 0.05) 
than all the rest and implied substantial adsorption for this 
sorbate. The enhanced Ko value might be as a result of 
increased kinetic energy for anthracene molecules leading 
to more adsorption [95]. On contrary, the lowest Ko value 
recorded was that of λ-cyhalothrin. At least half of the 
adsorption processes were endothermic (positive ∆H°) while 
the rest were exothermic (negative ∆H°). All the sorption 

Fig. 8   The Intra-particle difus-
sion model of the PAHs (a) and 
pesticide (b) adsorbates

Fig. 9   Van’t Hoff plots of the 
the PAHs (a) and pesticide (b) 
adsorbates

Table 7   Thermodynamic parameters of the sorption processes at 
room temperature

Sorbate Thermodynamics Parameters; T = 298 K

Ko ∆H° (KJ/
mol)

∆S° (KJ/
mol/K)

∆G° (KJ/mol)

λ-cyhalothrin 0.01 770 −29.10 −15,073.28
Tebuconazole 0.88 −5252 145.50 −307.62
α-cypermethrin 0.80 −5252 144.66 −555.38
Naphthalene 0.51 782 −27.44 −1674.44
Phenanthrene 0.74 −6230 171.27 −758.24
Anthracene 4.81 6472 177.09 10,658.04
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processes had ∆H° that were greater than 40 kJ/mol imply-
ing they were all chemisorption processes [96]. This would 
be attributed to the morphology of the sorbents amongst 
other processes [97]. At least half of the sorbates exhibited 
positive entropy during the adsorption process at 298 K. 
Only anthracene had a positive ∆G° value while all the rest 
had negative ∆G° values indicating they were spontaneous 
and feasible at this temperature. The findings are quite posi-
tive as far as adsorption of PAHs and pesticide residues at 
room temperature were concerned.

3.8 � Regeneration Studies

All the sorbate concentrations decreased with increase in 
the number of sorption cycles. There were no significant 
differences in the adsorption capacities of thesorbents and 
sorbates despite those of the PAHs being slighlty larger 
than those of the pesticide sorbates (P ≥ 0.05). There was a 
significant difference in the first and consequent adsorption 
cycles for most of the sorbates due to fill-up of adsorbents 
active sites during the prior adsorption cycles (P ≥ 0.05). 
The high levels of adsorption capacities after the third cycle 
of adsorption (63–80%) as observed in Fig. 10 imply that 
the adsorbents can be used repeatedly with little decline in 
efficiency of adsorption [98]. Unlike the findings by Zhou 
et al. [76], there were no correlation between the regenera-
tion capacities with the number of PAH rings. Isothermal 
regeneration of biochar adsorbents, as is the case of the cur-
rent study are preferred for their durability of the adsorbent 
materials [99].

4 � Conclusions

Cow dung biochar (CDB) was successfully prepared by 
means of a low temperature (300–350 ℃) pyrolysis process 
in pursuit of determining their adsorption potential for pesti-
cides (tebuconazole, λ-cyhalothrin and α-cypermethrin) and 
PAHs (naphthalene, phenanthrene and anthracene). CDB 
exhibited desirable composition, morphological and thermal 
characteristics that enabled it to adsorb the pesticides and 
PAHs (78–91% efficiencies). Optimal adsorption took place 
at sorbate concentration of 4 ppb, 1.5–2.5 g of adsorbent at 
10–15 ℃ for a retention time of 30 min and a pH range of 
4.0–8.0. Adsorption models were in favor of chemisorption 
and spontaneous reactions with regeneration capacities if 
63–80% for third adsorption cycles.
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