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Abstract
Removal of phenol from simulated wastewater was investigated with silver–gold-nanoparticle-modified mango seed shell-
activated carbon under batch experiment. The surface properties of the activated carbons were characterized using Fourier 
transform infrared spectroscopy (FTIR). Adsorption experiment was carried out at ambient temperature to study the effect of 
contact time, adsorbent dosage, and temperature on phenol adsorption. The equilibrium data were fitted to isotherm model, 
kinetic model, and intra-particle diffusion models. The maximum removal efficiencies increased from 55.5 to 94.55 and 71.4 
to 98.1% for the unmodified and nano-modified activated carbon with increase concentration (50–250 mg/l). The correlation 
coefficient (R2) Langmuir, Freundlich, and Temkin were 0.3554–0.4563 and 0.2813–0.3191, 0.9150–0.9596 for nanoparti-
cle-modified activated carbon (NCAMSS), as well as 0.5853–0.6598, 0.8159–0.8642, and 0.8159–0.8642, for unmodified 
activated carbon (UCAMSS). The R2 of the pseudo-first and pseudo-second orders as well as Elovich kinetic models were in 
the ranges 0.8661–0.9925, 0.8260–0.9942, and 0.6032–0.7505 for NCAMSS as well as 0.4846–0.6032, 0.9567–0.9929, and 
0.8842–0.9786, for UCAMSS and modified activated carbon, respectively, The order of fitness/suitability of the models is 
pseudo-first order > Elovich > pseudo-second order. The intra-particle diffusion model showed that the rate-controlling step 
is influenced by pore diffusion and that boundary layer diffusion and the adsorption process is heterogeneous, exothermic, 
and spontaneous. It can be deduced that mango seed shell is a good precursor in the production of activated due to its high 
yield and good adsorption capacity and the modification of the activated carbon with nanoparticles increased the precursor 
adsorption properties.

Article Highlights

•	 Biosynthesises of silver/gold nanoparticles was successfully used to modify activated carbon developed from mango 
seed shell.

•	 The FTIR of the Mango seed shell AC and the nanoparticle-modified Mango seed shell AC indicated the presence 
of IR peak ranged from 729.5 to 3902.9 cm−1 and 717.8 to 3985.3 cm−1, respectively.

•	 The adsorption results of both nanoparticle-modified and unmodified AC indicated removal efficiencies increased 
from 55.5 to 94.55% and 71.4 to 98.1%, respectively.

 *	 Abass Olanrewaju Alade 
	 aoalade@lautech.edu.ng

1	 Department of Chemical Engineering, Ladoke Akintola 
University of Technology, Ogbomosho, Nigeria

2	 Bioenvironmental, Water and Engineering Research Group 
(BWERG), Ladoke Akintola University of Technology, 
Ogbomosho, Nigeria

3	 Science and Engineering Research Group (SAERG), Ladoke 
Akintola University of Technology, Ogbomosho, Nigeria

4	 Department of Science Laboratory Technology, Osun State 
Polytechnic, Iree, Nigeria

http://crossmark.crossref.org/dialog/?doi=10.1007/s41742-020-00244-7&domain=pdf


216	 International Journal of Environmental Research (2020) 14:215–233

1 3

•	 Freundlich isotherm is suitable to fit the adsorption of phenol unto activated carbon produced from mango seed 
shell.

•	 The ΔH° values gotten were negative which varied from − 8.8212 to − 22.8643 KJ/mol for the unmodified AC and 
− 3.694 KJ/mol to − 31.402 KJ/mol for nanoparticle-modified ACs. This showed that the adsorption process of 
phenol was spontaneous and exothermic.

Keywords  Activated carbon · Cola nitida · Mango shell · Silver–gold nanoparticle · Phenol

Introduction

Phenolic compounds are organic compounds characterised 
with hydroxyl group(s) directly bonded to one or more aro-
matic rings. The first member of the group is phenol, with 
the chemical formula of C6H6OH and all other members of 
the group are derivatives of phenol (Dixon and Paiva 1995). 
Phenolic compounds are introduced into the aquatic environ-
ment through various activities resulting from agricultural, 
domestic, industrial, and natural processes. High concentra-
tion of phenol and phenolic compounds in water bodies have 
been linked to the wastewater discharged from major manu-
facturing industries, domestic wastes, runoffs from agricul-
tural fields particularly where phenol-based agrochemical 
have been extensively used and natural decomposition or 
degradation of organic matters present in the aquatic envi-
ronment (Wallace 1996).

Phenolic compounds that undergo transformations in the 
water bodies usually produced other complex compounds, 
which are more harmful than the original compounds 
and tend to persist in the environment (Bruce et al. 1987; 
Kulkarni and Kaware 2013). These developments signi-
fies that the presence of phenolic compounds in the aquatic 
environments is obnoxious, undesirable, and deleterious to 
human health as well as flora and fauna (Bruce et al. 1987; 
Tchounwouet al. 2014; Dieguez-Santana et al. 2016; Acosta 
et al. 2018; Tichapondwa et al. 2018). Thus, concerns have 
been raised to ameliorate the influence of wastewater con-
taining phenol, which has to be removed, before being dis-
charged into the environment and its eventual committal to 
aquatic environment (Acosta et al. 2018; Wang et al. 2018).

Various wastewater treatment techniques, such as extrac-
tion, polymerisation, electro-Fenton process, photocatalytic 
degradation, chemical and bacterial oxidation, and electro-
chemical and irradiation, have been used for the removal of 
phenol and phenol compounds from industrial wastewaters 
(Gupta et al. 2013). However, the reputation of these tech-
niques has been relegated due to some challenges such as 
high cost, incomplete purification of phenol, formation of 
hazardous by-products, and relatively low efficiency.

Adsorption technique, which essentially involved the 
use of activated carbon (AC), has been favoured as efficient 
technique for the treatment of organic wastewaters (Alabi 

et al. 2019). In addition, the adsorption process is preferable, 
because it is economical, easy to hand, and better efficiency, 
compared to other techniques (Zhong 2017). The activated 
carbon is characterised, generally, with various properties 
such as large surface area, improved surface chemistry, and 
pore volume, which are effective for the removal of organic 
pollutants, toxic heavy metal ions, and dyes from fluid 
stream (Bulgariu et al. 2011; Lin et al. 2013; Wang et al. 
2018; Zbair et al. 2018a, b). Activated carbons can be pro-
duced from various types of synthetic materials, which may 
be sourced from the industries, or renewable raw materials, 
which are sourced from agricultural wastes, by-products, and 
residues (Zbair et al. 2017).

These materials (synthetic or renewable) are activated via 
chemical or physical activation, independently or combined 
(Zbair et al. 2017). Physical activation involves carboniza-
tion of the desired material at elevated temperature to pro-
duce char, which is devoid of volatile components (Williams 
and Reed 2003). Chemical activation involves impregnation 
of the desired material with acidic, basic, and salt chemicals 
(Williams and Reed 2003). This process may be followed by 
carbonization at elevated temperature or vice versa, and the 
use of microwave has been reported in recent time (Zbair 
et al. 2019). Common chemicals used for activation purposes 
are generally dehydrating agents that have the capacity to 
activate the functional adsorption sites, and increases the 
binding capacity of the desired material (Allen et al. 2008; 
Zbair et al. 2019). They include chloride salts (aluminium, 
ferric iron, magnesium, and zinc), hydroxide (calcium, 
potassium, and sodium), and mineral acids (phosphoric, 
sulphuric). We employed nanoparticles biosynthesized from 
waste biomass to improve the adsorptive capacity of the tar-
geted precursor in this study. The search for cheap adsorbent 
has led to the increasing use of agricultural wastes in the 
preparation of adsorbent (Ahsaine et al. 2018) and mango 
seed shell is of no exception.

Mango (Mangifera indica) is a very common tropical 
fruits found widely in many towns and villages within the 
Savannah and Rain Forest regions of Nigeria. The edible 
parts of the mango fruit are the peel and the fibrous material, 
while the nuts are usually discarded as waste, thus making 
Mango seed shell a significant solid waste candidate during 
its season (Alencar et al. 2012). The indiscriminate disposal 
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of the Mango peels and shells, due to its high consumption, 
leads to littering of the environment and generation of odour 
when oxidized or fermented (Meireles et al. 2010).

Mango seed shell (MSS) has been used as precursor for 
the production of effective activated carbon (AC) used for 
removal of various types of dyes (Kumar and Kumaran 
2005; Davila-Jimenez et al. 2009; Alencar et al. 2012). How-
ever, MSS has not been reported as raw or modified adsor-
bent for the removal of phenol-form aqueous medium. This 
work is aim at using AC produced from MSS, which was 
modified, further, with biosynthesized nanoparticle from 
cola nitida for the removal of phenol from aqueous medium. 
The study was conducted under batch and the data generated 
were evaluated with various adsorption study parameters to 
determinate the efficacies of the MSS as precursor for the 
production of activated carbon suitable for the removal of 
phenol from wastewater.

Methodology

Chemicals and Reagents

The agricultural precursor used for this study was discarded 
Mango seed shell. Major reagents such as BaCl2, AgNO3, 
and HAuCl4 were supplied by major chemical companies 
such as Merck, Sigma-Aldrich, and BDH. All the reagents 
were all of analytical grade, and thus, they were used with-
out further purification.

Preparation of Adsorbent

Sampling

The MSS was sourced from LAUTECH Teaching and 
Research Farm, LAUTECH, Ogbomoso, Nigeria. They 
were sorted to remove stones and dust after collection. 
They were then washed with mild detergents and rinsed with 
copious amount of distilled water to remove impurities on 
their surfaces (Bullut and Tez 2007), sun-dried for 3 days, 
and oven-dried at 105 °C to constant weight (Tossou et al. 
2019). Thereafter, it was milled to uniform size to increase 
its surface area (Bullut and Tez 2007) before activation and 
carbonization.

Activation and Carbonization

The MSS precursor (10 g) was mixed with 300 ml of 0.1 M 
of BaCl2 based on the impregnation ratio (1:0.033) in a 
beaker, for 24 h. The ratio is equivalent to 300 g of activant 
solution (assuming the density of the solution to be approxi-
mately 1 g/cm3) to 10 g of the precursor (Eq. 1). The mixture 
was subjected to microwave oven effect at 300 Hz for 30 min 

and excess BaCl2 was boiled-off to form a paste before being 
oven-dried at 110 °C for 2 h (Gumus and Okpeku 2015). The 
mixture was then washed with distilled water until pH 7, to 
remove all traces of the activant, since the BaCl2 is water-
soluble chloride, and then oven-dried to constant weight at 
a 105 °C:

Crucibles with known weight were filled (about 70% 
capacity) with the BaCl2-activated mango seed shell 
(AMSS) precursor and then reweighed before being charged 
into muffle furnace at 500 °C and for 20 min, for carbonisa-
tion purpose. These values were achieved in the preliminary 
studies conducted (Okeowo et al. 2017). The carbonised 
AMSS (CAMSS) produced was cooled in a desiccator before 
being crushed, washed, and oven-dried to constant moisture 
content. It was then screened to the desired size of 200 µm 
and divided into two parts in which one part was taken for 
modification with biosynthesized nanoparticle, while the 
other parts was used as unmodified.

Modification of Carbonised Mango Seed Shell AC 
with Nanoparticle

Silver-gold nanoparticle (Ag–AuNPs) was synthesized 
from Kolanut (Cola nitida) plant as reported by Lateef 
et al. (2016) with slight modifications. The Cola nitida 
plant extract, which serves as the precursor for the nano-
particle synthesis, was obtained by dispersing Cola nitida 
plant powder (0.1 g) in 10 ml of distilled water and then 
heated in water bath at 60 °C for 1 h. The reddish-brown 
extract obtained was filtered through Whatman No. 1 and 
the filtrate was further centrifuged at 4000 rpm for 20 min 
to obtain supernatant without suspensions. The supernatants 
(1 ml) were mixed with 10 ml solution containing 1 mM 
(HAuCl4) and 1 mM AgNO3 in ratio 1:4, respectively. The 
mixture was subjected to effect of sunlight and the changes 
in its colour for the formation of nanoparticles (Ag–AuNPs) 
were monitored. The dried CAMSS (0.5 g) was soaked in 
10 ml (0.5 mg/l) of freshly prepared Ag-AuNPs’ solution in 
a conical flask and agitated at 200 rpm on a rotary shaker for 
12 h (Olajire et al. 2017). The mixture was then charged into 
the microwave oven for 1 h at 400 Hz to facilitate effective 
thermal deposition of the nanoparticles onto the CAMSS. 
The Ag–Au nanoparticle-modified CAMSS (NCAMSS) was 
then filtered and dried at 110 °C to constant weight.

Adsorbent Characterization

Surface characteristics of the raw MSS, unmodified CAMSS 
(UCAMSS), and NCAMSS developed were conducted using 

(1)Impregnation ratio =
Weight of activant

Weight of precursor
.
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Fourier transform infrared spectroscopy (FTIR) analysis 
(Al-Qodah and Shawabkah 2009). Samples (0.1 g) of the 
materials, each, was mixed with 1 g of KBr (spectroscopy 
grade) in a mortar. Part of the mixed paste was introduced 
in a cell connected to a piston of a hydraulic pump giv-
ing a compression pressure of 15 kPa/cm2. The solid disc 
developed from the compression, was heated in an oven at 
105 °C for 4 h to prevent interference of water vapour or car-
bon dioxide molecules, before being transferred to the FTIR 
analyzer (PerkinElmer Spectrum 100 series FTIR Spec-
trometer, USA). Various functional groups present on the 
surface of the materials were analysed within the range of 
400–4000 cm−1. Corresponding peaks obtained showing the 
wavelengths of the different functional groups in the sample 
and the spectra observed were identified by comparing with 
the values in the library (Al-Qodah and Shawabkah 2009).

Adsorption Experiment

Preparation of Adsorbate

Simulated phenol wastewater was produced by preparing the 
desired concentration of phenol solution in a conical flask. 
This was done by preparing a phenol solution of 1000 mg/l 
concentration in a standard volumetric flask (Ashanendu et 
al. 2018). The stock solution was diluted to the desired con-
centrations of 50–250 mg/l for batch equilibrium studies 
(Amri et al. 2009).

Batch Adsorption Experiment

Batch adsorption of phenol from the wastewater was car-
ried out using the UCAMSS and NCAMSS to evaluate 
their adsorption performance. The adsorptive capacity of 
the activated carbon produced was determined using the 
method adopted by Amri et al. (2009). The samples (0.1 g) 
were added to 100 ml of different initial concentrations of 
phenol in a conical flask and then agitated at 200 rpm. The 
aqueous samples were taken at pre-set time intervals and 
their residual concentrations were determined using UV/Vis 
spectrophotometer at 270 nm wavelength for phenol. The 
adsorption capacity was evaluated using Eq. 2, while Eq. 3 
determined the percentage removal or removal efficiency:

where C0 (mg/l) is the initial concentration of phenol in con-
tact with adsorbent, Ce (mg/g) is the final concentration of 
phenol after the batch adsorption procedure at any time t, 

(2)Adsorption capacity =

(

C0 − Ce

)

× V

M
,

(3)Removal(%) =
C0 − Ce

C0

,

M (g) is the mass of adsorbent, and V is the volume (l) of 
the aqueous.

Adsorption Isotherm Studies

The equilibrium adsorption isotherm of phenol removal by 
the adsorbent produced was considered as is important in the 
design of adsorption system. The adsorbent samples (0.1 g) 
was placed in a 250 ml conical flask containing 100 ml of 
phenol solution of different initial known concentration. The 
agitation speed was kept constant at 200 rpm for each run to 
ensure equal mixing and reach equilibrium at a given time 
period. The content was filtered using filter paper and the 
supernatant solution in each flask was analysed using UV/Vis 
spectrophotometer. The adsorption data were fitted to well-
known isotherm models such as Langmuir, Freundlich, and 
Temkin. Their constants were evaluated from the plots devel-
oped based on the liner form of their Eqs. (4–6) (Freundlich 
1906; Langmuir 1916). The Langmuir isotherm constants, b 
and qmax, were determined from the plot of 1/qe versus 1/Ce. 
The Freundlich isotherm constants, Kf and n−1, were deter-
mined from the plot of log qe versus log Ce, while the Temkin 
isotherm constants A and B were determined from the plot of 
qe versus ln Ce:

where qe is amount of adsorbate absorbed at equilibrium 
(mg/g), qmax is maximum adsorption capacity (mg/g), b is 
Langmuir equilibrium constant (l/mg), Ce is equilibrium 
phenol concentration in the solution (mg/l), Kf is Freun-
dlich constant ((mg/g) (l/mg)1/n), 1/n is Freundlich exponent 
(dimensionless), A is the Temkin isotherm constant (l/g), and 
B is heat of sorption (J/mol), respectively.

Batch Kinetics Studies

The adsorption kinetics of phenol on adsorbent was inves-
tigated using pseudo-first order, pseudo-second order, and 
Elovich kinetic models (Eqs. 7–9). The plot of ln(qe − qt) 
against t gave a slope of K1 and an intercept of qe, linear 
plot of t∕qt against t gave 1∕qe as the slope and 1∕K2q

2
e
 as the 

intercept (Alabi et al. 2019), and plot of qt against lnt gave 
a linear slope of (1/β) and an intercept of 1/β ln(αβ). All the 
evaluated parameters were used to predict the behaviour of 
the adsorption process:

(4)Ce∕qe = Ce∕qm + 1∕qmKL,

(5)ln qe = lnKf +
1

n
lnCe,

(6)qe = B lnA + B lnCe,

(7)ln
(

qe − qe
)

= ln qe − K1t,
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where qe and qt (mg/g) are the amounts of adsorbate 
adsorbed at equilibrium and any time t (min) respectively, 
K1 (min−1) is the adsorption rate constant, and K2 (g/mg h) 
is the rate of second-order adsorption, Where α is the initial 
adsorption rate (mg g−1 min) and β is related to the extent 
of surface coverage and the activation energy for chemisorp-
tion (g mg).

Adsorption Mechanism

The intra-particle diffusion rate model shows that the rate-
limiting step is the transport of the solute from the bulk 
of the solution to the adsorbent pores through intra-parti-
cles process. Various adsorption studies indicate that sol-
ute uptake varies almost proportionally with t½ rather than 
with the contact time, t (Ejikeme et al. 2014). The model is 
expressed in Eq. 10 and plot of qt versus t½ gave slope of Kid 
and intercept of C (mg/g). Value of C gives the idea about 
the thickness of boundary layer and it has been suggested 
that the magnitudes of C values is directly related to the 
surface sorption in the rate-controlling step (Ejikeme et al. 
2014):

where Kid is the intra-particle diffusion rate constant 
(mg/g min½) and C is the intercept.

Adsorption Thermodynamic

Thermodynamic properties of adsorption process depict the 
level of spontaneity in the process as indicated by the Gibbs 
free energy change, ΔG° (Dejene et al. 2016). The energy 
(ΔH°) and entropy (ΔS°) changes are evaluated, usually, to 
determine the Gibbs free energy of the process. The volume 
of phenol solution (100 mg/l), agitation speed (200 rpm), 
and dosages (0.1 g) of the adsorbents produced were kept 
constant, while the time and temperature were varied from 
10 to 50 and 35 to 60 ºC, respectively. The mixture after 
agitation was filtered and the supernatant was analysed using 
UV/Vis spectrophotometer. The free energy equation that 
factors the adsorption equilibrium constant (Ka) (Eq. 11) and 
the differential form (Eq. 12) that relates ΔG° and Ka, were 
used to facilitate the evaluation of ΔH° and ΔS° which were 
determined from the slope and intercept of the plot of ΔG° 
versus temperature, T (Eq. 13) (Krishnaveni and Renugadevi 
2012):

(8)
t

qt
=

1

K2q
2
e

+ t∕qe,

(9)qt =
1

�
ln (��) +

1

�
ln t,

(10)qt = Kidt
1∕2 + C,

where ΔG° (J/mol) is the standard free energy change, R 
(8.314 J/mol K) is the universal gas constant, and T (K) is 
absolute temperature.

Results and Discussion

Adsorbent Characterization

The FTIR revealed the extent of reduction, appearance, 
disappearance, or broadening of the peaks on the surfaces 
of the adsorbent developed after the carbonization and 
impregnation with AgNPs (Olajire et al. 2017). The pres-
ence of these functional groups on the adsorbents was 
responsible for preferences of different adsorbate adsorption 
from aqueous medium (Rai et al. 2015). The FTIR char-
acterisation (Fig. 1a–c) indicated the presence of IR peak 
in the ranged 729.5–3902.9 cm−1 and the peak height in 
the ranged 38.2–39.8 cm for the raw MSS. The IR peak for 
UCAMSS ranged from 717.8 to 3985.3 cm−1 and the peak 
height was from 14.3 to 17.8 cm, while for the NCAMSS, 
the peak ranged from 725.8 to 3987.1 cm−1 and the peak 
height ranges from 4.5 to 12.1 cm (Fig. 1c). There was the 
appearance of the –C≡C– at peak of 2191.4 cm−1 after the 
carbonization of the mango seed shell. There were changes 
in the functional groups of both samples. Upon surface mod-
ification, there are appearances of some additional peaks 
at 3568.7 cm−1 Ag–Au nanoparticles-modified AC that 
can be attributed to stretching vibration of OH. Prominent 
peaks identified on the surface of the NCAMSS includes 
2539.3–2777.6 cm−1 regions, which is attributed to O–H 
stretch, while those identified at 3683.5 are attributed to O–H 
bending. The peaks are observed at 11,787.3 cm−1 denotes 
the presence of C=O extending vibrations that is attributed 
to keto-carbonyl (1740 cm−1), while the C=C stretch may 
be attributed of aromatic rings that may be derivative of the 
mango seed shell (Bouchelta et al. 2008; Zbair et al. 2018b).

Batch Equilibrium Studies

Effect of Contact Time

The effect of contact time on adsorption of phenol onto 
prepared NCAMSS and UCAMSS (Fig. 2a, b) revealed 
that the uptake of phenol was rapid at the initial stage of 

(11)−RT lnKa = ΔG0,

(12)
d lnKa

dT
=

ΔH0

RT
,

(13)ΔG0 = ΔH0 − TΔS,
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the contact time for all the concentrations (Srivastava et al. 
2006). The maximum adsorption capacity (qe) for 50 mg/l 
was 7 mg/g and 10 mg/g, while for 200 mg/l, the values 
were 20 mg/g and 30 mg/g for UCAMSS and NCAMSS, 
respectively. This is because all the active sites on the 
adsorbent are vacant at the beginning of the adsorption 
process. The percentage removal (Fig. 3a, b) followed 
similar trend. The removal efficiency for 50 mg/l was 55% 

and 75% while for 200 mg/l, the values were 70% and 90% 
for UCAMSS and NCAMSS, respectively. The adsorp-
tion capacity and percentage removal of the NCAMSS 
were higher compared to the UCAMSS (Figs. 2a, b, 3a, 
b) respectively, for all the concentrations considered. It 
may be suggested that the interaction that exists between 
phenol and Ag nanoparticles influenced the adsorption 
process, besides Olajire et al. (2017) noted that Ag (1) 

Fig. 1   a FTIR spectra of raw 
mango seed shell. b FTIR 
spectra of activated mango seed 
shell. c FTIR spectra of Ag–Au 
nanoparticle-modified activated 
carbon

Fig. 2   Effect of contact time on 
adsorption of a 50 mg/l and b 
200 mg/l of phenol
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Fig. 3   Effect of time on percent-
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ion, which is a weak Lewis acid, provides additional site 
in adsorption process.

Effect of Dosage

The adsorption study for adsorbent doses (0.1–0.5  g) 
(Fig. 4a, b) showed that the adsorption capacity increased 
from 27.7 to 47.27, and 35.7 to 49.3  mg/g, for both 
UCAMSS and NCAMSS. While their removal efficiencies 
increased from 55.5 to 94.55 and 71.4 to 98.1%, respec-
tively. This can be linked, directly, to the availability of 
increasing adsorption sites with increasing amount of 
adsorbent, because, at higher adsorbent dose, there are not 

enough phenol in the solution to occupy the active sites, and 
hence, the adsorption tends to become constant (Simhaet al. 
2016). It was also discovered that the adsorption capacity 
and removal efficiency of the NCAMSS dosage were higher 
compared to the UCAMSS dosage (Fig. 4a, b).

Effect of Temperature

The three temperatures used for this study were 35 °C, 
45 °C, and 60 °C, and their impact on adsorption capac-
ity and removal efficiencies increased as the time increased 
from 10 to 50 min (Figs. 5a–c, 6a–c), respectively. The nan-
oparticle-modified AC have the higher adsorption rate and 

Fig. 4   Effect of dosage on 
a adsorption capacity and b 
removal efficiency of nanopar-
ticle-modified and unmodified 
mango seed shell-activated 
carbon
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removal efficiency than the unmodified ones at the selected 
temperatures. The maximum qe obtained for NCAMSS at 35, 
45, and 60 °C were 48.63, 47.95, and 47.72 mg/g, respec-
tively, while 45.68, 45.23, and 44.55 mg/g was obtained as 
maximum qe for UCAMSS at 35, 45, and 60 °C, respectively. 
The maximum removal efficiency obtained for NCAMSS 
and UCAMSS at 35, 45, and 60 °C, were 97.27, 95.90, and 
95.45% as well as 91.36, 90.45, and 89.10%, respectively. 
The adsorption capacity and removal efficiency decrease, as 
the temperature increases, and this means that the adsorp-
tion for phenol with the activated carbons is exothermic, and 
the lower temperature is favourable for adsorption of phenol 
(Zhang 2013). Studies reported by Varghese et al. (2004), 

Shirzad-Siboni et al. (2013), Akpen et al. (2016), Olufemi 
and Otolorin (2017), and Fegousse et al. (2019) are with the 
same assertion that increase in temperature decreases the 
rate of adsorption (Table 1), though the findings of Tossou et 
al. (2019) were on the contradictory contrary converse.  

Adsorption Isotherm

The plot of Ce/qe versus qe (Fig. 7a, b) based on linear 
method was used to determine the Langmuir parameters for 
the adsorption of phenol unto the unmodified and nanopar-
ticle-modified mango seed shell-activated carbon. The Lang-
muir constants were evaluated from the slope 1

qm
 and inter-

Fig. 6   Plot of R.E. against time 
for a 35 °C, b 45 °C, and c 
60 °C
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Table 1   Studies indicating the effect of temperature on increase in adsorption capacity

Material Adsorbate Temp trend References

Water hyacinth Phenol Decreases Varghese et al. (2004)
Activated Red mud Phenol Decreases Shirzad-Siboni et al. (2013)
Mango seed endocarp-activated carbon Dye Decreases Akpen et al. (2016)
Mango seed shell and mango seed shell-activated carbon Crude oil Decreases Olufemi and Otolorin (2017)
Banana peel and cactus-activated carbon Phenol Increases Tossouet al. (2019)
Pineapple bark Dye Decreases Fegousse et al. (2019)
Mango seed shell-activated carbon and modified AC Phenol Decreases This work
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cept 1

qmKL

 (Tables 2, 3). The correlation coefficients (R2) 
obtained for the NCAMSS (0.3554–0.4563) and UCAMSS 
(0.2813–0.3191) are essentially low (Tables 2), though those 
of NCAMSS were higher than UCAMSS, suggesting that 

the adsorption on the surface of the adsorbents are not mon-
olayer (Zbair et al. 2019). The KL (l/mg), equilibrium con-
stant, for NCAMSS and UCAMSS were in the range 
0.0034–0.0073 l/mg and 0.0246–0.0502 l/mg. The KL values 
are related to energy of distribution that depicts the affinity 

Fig. 7   Plot of Ce/qe against Ce 
for the adsorption of phenol on 
a unmodified and b nanoparti-
cle-modified AC
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Table 2   Constants of 
Langmuir, Freundlich, and 
Temkin isotherm models 
for the adsorption of phenol 
on (a) unmodified and (b) 
nanoparticle-modified AC

Isotherm Time (min)

Nano-modified activated carbon Unmodified activated carbon

150 180 210 240 150 180 210 240

Langmuir
 Qm 99.01 71.94 59.880 62.112 44.843 38.610 35.714 35.971
 KL 0.0034 0.0055 0.0075 0.0073 0.0246 0.0379 0.0495 0.0502
 RL 1.2029 0.7854 0.7276 0.7338 0.4484 0.3453 0.2879 0.2851
 R2 0.3554 0.4863 0.4846 0.4563 0.2813 0.2987 0.3202 0.3193

Freundlich
 KF 2.3588 1.7278 1.2331 1.2930 0.2998 0.2539 0.1491 0.1478
 1/n 0.8641 0.8055 0.7471 0.7607 0.6449 0.6428 0.5894 0.5911
 n 1.1573 1.2415 1.3385 1.3146 1.5506 1.5556 1.6966 1.6918
 R2 0.9596 0.9473 0.9201 0.9150 0.6598 0.607 0.5798 0.5853

Temkin
 A 15.182 13.301 11.966 12.081 6.4308 5.9632 4.7167 4.6413
 B 0.0748 0.0778 0.0800 0.0783 0.0694 0.0657 0.0713 0.0709
 R2 0.8642 0.8740 0.8604 0.8159 0.5321 0.4699 0.4516 0.4565

Table 3   Comparison of some adsorbents used for removal of phenol from aqueous solution

NA not available

Adsorbent n QL RL References

Unmodified mango seed shell AC 1.5506–1.6918 35.971–44.843 0.2851–0.4484 This study
Nano-modified mango seed shell AC 1.1573–1.3385 − 99.01 to 62.11 0.7276–1.2029 This study
Organically modified manganite NA 52.19 0.084 Ge et al. (2019)
Modified Rhassoul (clay) NA 25 0.022 Hamdaoui et al. (2018)
Avocado kernel seed-activated carbon 4.73 0.215 9.4 × 10–5 Dejene et al. (2016)
Kolanut shell-based-activated carbon 8.476 6.22 0.23 Lekene et al. (2015)
Luffa cylindrical fibres 1.8972 9.251 NA Abdelwahab and Amin (2013)
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between the solute and adsorbent under investigation (Das 
et al. 2014). Specifically, the ranges of Qm obtained are 
higher than those obtained for other adsorbents derived for 
manganite, clay, as well as avocado kernel seed, kolanut 
shell, and Luffa cylindricia fiber (Table 3). Similarly, the 
ranged of the RL for our present study are higher than those 
obtained for the listed materials (Figs. 8, 9).

The essential characteristics of Langmuir isotherm can be 
explained in terms of a dimensionless constant, separation 
factor (RL). The value of RL, a positive number (0 < RL < 1), 
signifies the feasibility of the adsorption process. The values 
of RL for both the UCAMSS (0.2851–0.4484) and NCAMSS 
(0.7338–1.2029) activated are generally within the range, 
except for RL = 1.2029, which is slightly above 1 (Table 3). 
The trend of favourability decreased with time and this 
suggests that lesser time favours the adsorption of phenol 
onto the mango-based adsorbent developed. This is another 
distinct property exhibited in this study. The ranges of RL 
obtained in this study compared well with other RL reported 
for other adsorbents developed from clay, seed shells, and 
biomass (Table 3).

The Freundlich parameters (n and KF) and the R2 were 
evaluated (Table 2). The Freundlich exponent, n, for the 
adsorption of adsorbate gave an indication on the favourabil-
ity of adsorption. It is generally stated that the values of n in 
the range 2–10 represent ‘good’, 1–2 represents ‘moderately 

good’, and less than 1 represents ‘poor’ adsorption char-
acteristics. The values of ‘n’ obtained for the NCAMSS 
(1.1573–1.3146) and UCAMSS (1.5506–1.6918) can be 
rated as moderately good (Table 2). The large value of the 
R2 (0.9150–0.9596 and 0.5853–0.6598) of Freundlich iso-
therm, compared to the Langmuir model, indicated that the 
Freundlich isotherm model fits the adsorption of phenol unto 
NCAMSS and UCAMSS better than Langmuir isotherm. 
It may further denoted multilayer nature of the adsorbent 
developed (Maet al. 2013). It was discovered that both the 
adsorption intensity KF and the R2 of the NCAMSS are 
higher than the UCAMSS, indicating that the nanoparticle 
used for the modification of the CAMSS has contributed 
to the properties of the adsorbent developed (Olajire et al. 
2017).

The Temkin isotherm equilibrium-binding constant 
(α) (l/mg) for the NCAMSS (12.081–15.182 l/mg) and 
UCAMSS (4.6418–6.4308 l/mg) decreased as the con-
tact time increased. The constant β, which is related to 
the heat of adsorption, did not display any clear relation-
ship for the NCAMSS (0.0748–0.0800) and UCAMSS 
(0.0694–0.0713), although these values dropped from 
0.0800 to 0.0783 and 0, 0713 to 0.0709, at the 240th min 
of the adsorption. High binding constant at lower time dis-
played the fact that lower time is needed for the adsorption 
process and this further indicated the economic importance 

Fig. 8   Plot of log qe against 
log Ce for the adsorption of 
phenol on a unmodified and b 
nanoparticle-modified AC
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Fig. 9   Plot of qe against ln Ce 
for the adsorption of phenol on 
a unmodified and b nanoparti-
cle-modified AC
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for the study in terms of energy cost. The ranges of the R2 
for both the NCAMSS (0.8159–0.8642) and the UCAMSS 
(0.4565–0.5321) activated carbons decreased with increas-
ing contact time (Table 2) (Veli and Alyuz 2007).

The R2 values obtained from the Temkin isotherm ware 
higher than the R2 obtained for Langmuir Isotherm, yet 
they are lower than those obtained for Freundlich iso-
therm, and thus, the adsorption study fit best to Freundlich 
isotherms. The order of suitability of the isotherm models 
is Freundlich > Temkin > Langmuir. This suggested that 
the NCAMSS and UCAMSS adsorbents are characterised 

by multilayer surface properties (Das et al. 2014; Ahsaine 
et al. 2018).

Kinetics Studies

The kinetic adsorption data can be processed to understand 
the dynamics of the adsorption reactions in terms of the 
order of the rate constant. The kinetic data were analysed 
using three different kinetic models: pseudo-first order, 
pseudo-second order, and Elovich equation. The plots of log 
(qe − qt) versus t (Fig. 10a–e) gave straight lines with values 
of k1 and qcal , evaluated from the slopes (− k1) and intercepts 

Fig. 10   Plot of log qe–qt against 
time for the adsorption process 
on modified and unmodified 
AC at initial concentration of a 
50 mg/l, b 100 mg/l, c 150 mg/l, 
d 200 mg/l, and e 250 mg/l

-0.5

0

0.5

1

1.5

2

2.5

0 50 100 150

lo
g 

(q
e-

q t)

Time (min)

a
ln qt a ln qt a nano

-0.5

0

0.5

1

1.5

2

2.5

3

0 50 100

lo
g 

(q
e-

q t)
�me (min)

b
ln qt b ln qt b modify

0

0.5

1

1.5

2

2.5

3

0 50 100 150

lo
g 

(q
e-q

t)

Time (min)

c
ln qt c ln qt c modify

0

0.5

1

1.5

2

2.5

3

0 50 100

lo
g 

(q
e-

q t
)

Time (min)

d
ln qt d ln qt d modify

0

0.5

1

1.5

2

2.5

3

0 50 100 150

lo
g 

(q
e-

qt
)

Time (min)

e
ln qt e ln qt e modify



226	 International Journal of Environmental Research (2020) 14:215–233

1 3

(lnqe) of the plots, respectively (Table 4). The plot of the 
concentration (50–250 mg/l) showed high relatively high 
R2 (> 0.8) for both the UCAMSS and NCAMSS. The R2 of 
the PFO for the NCAMSS and UCAMSS were in the ranges 
0.8661–0.9925 and 0.8260–0.9942, respectively.

The values of k and qe for the pseudo-second-order model 
were calculated from the intercepts (1/kqe

2) and slopes 
(1/qe) of the plots of t/qt vs. t (Fig. 11a-e). The R2 values of 
0.6032–0.7505 and 0.4846–0.6032 obtained for NCAMSS 
and UCAMSS are lower than those obtained for PFO 
(Table 4) are. There is a wide difference between the calcu-
lated (qcal) and experimental (qexp) adsorption capacity under 
the evaluation of PSO, thus, suggesting its inappropriateness 
to describe the kinetic study of phenol onto the NCAMSS 
and UCAMSS (Gupta and Abdul Rafe 2013; Ahsaine et al. 
2018). The comparison between the types of kinetics exhib-
ited by other adsorbent–adsorbate relationship with this 
study is shown in Table 5. Adsorption of phenol on some 
materials displayed PSO, but the PFO reported in this study 
is well related to the kinetic order (PFO) reported by Gupta 
and Abdul Rafe (2013), which involved the application of 
Mango peel for the removal of phenol from wastewater.

The plot of qt against ln t (Fig. 12a–e) provides a lin-
ear relationship where α and β were determined from 
the slope and intercept of the plot, respectively. The α 
(initial sorption rates) obtained for the NCAMSS and 
UCAMSS were in the ranges 0.0771–5.4380 mg/g min 
and 0.0384–3.8431 mg/g min, respectively. The values 
obtained for β, which are related to the extent of surface 
coverage and activated energy, were 1.654–5.5113 and 
2.2608–4.176 g/mg, respectively. The evaluated Elovich 
parameters (Table 5) indicates that R2 values obtained from 
Elovich equation were in the ranges of 0.9567–0.9929 and 
0.8842–0.9786, for the NCAMSS and UCAMSS at the dif-
ferent initial phenol concentrations investigated (Table 6). 
This high R2 values suggested that the adsorption process 

display traced of chemisorption process (Elkady et al. 2011); 
however, higher R2 values obtained for the first order sug-
gested that the phenol adsorption was more influenced by 
a physisorption process (Rincon-Silvaet al. 2016). The 
order of fitness/suitability of the models are pseudo-first 
order > Elovich > pseudo-second order.

Adsorption Mechanism

Weber and Morris intra-particle diffusion resistance model 
was used to determine the influence or identify the adsorp-
tion mechanism, and predicting the rate-controlling step 
in the adsorption of phenol onto the adsorbents produced 
(Weber and Morris 1963; Al-Othman et al. 2012). The val-
ues of Ki were calculated from slopes of the plots of qt vs. 
t0.5 (Fig. 13a–e) and the linear plot did not pass through the 
origin. The plots of intra-particle model equation for the 
UCAMSS and NCAMSS at different initial concentrations 
(50–250 mg/l) presented a multilinearity (Ramachandran 
et al. 2011). Three stages of diffusion was deduced from 
the plots. The first portion, which is steeper, can be clas-
sified as external surface, and the second portion, which is 
gradual, can be classified as rate controlled while the third 
portion, which is slow region, can be classified as equilib-
rium (Ramachandran et al. 2011). This indicated that the 
intra-particle diffusion was not only the rate-controlling step 
and boundary layer diffusion (Cheung et al. 2007; Kushwaha 
et al. 2014). The value of ‘C’ increased from − 1.3078 to 
16.138 and 1.0741 to 19.574 for UCAMSS and NCAMSS 
as the initial concentration increased for 50–250 mg/l. The 
C values obtained for the NCAMSS were higher than those 
obtained for the UCAMSS were correspondingly. Ki values 
also follow the similar trends except in a few cases, though 
Ki is always influenced by concentration driving force which 
is experienced by increased in adsorbate concentration (Ozer 
and Dursun 2007; Abdelwahab and Amin 2013).

Table 4   Kinetic parameters and 
correlation coefficients (R2) 
obtained for the unmodified and 
modified models

Conc. (mg/l) qe (exp) Pseudo-first order Pseudo-second order Elovich

qe (cal) K1 R2 qe (cal) K1 R2 α β R2

Unmodified
 50 7.1818 7.0203 0.0087 0.9925 0.5346 − 0.0484 0.7139 0.0384 2.2608 0.9239
 100 11.3636 13.3151 0.0196 0.9799 0.2326 − 0.1017 0.631 0.0404 3.4282 0.9786
 150 19.1818 15.5491 0.0139 0.9451 0.3316 − 0.0633 0.6315 0.1029 4.0501 0.9253
 200 22.0909 14.2335 0.0137 0.9857 0.2491 − 0.0827 0.6032 0.2029 4.1769 0.9544
 250 30.0909 14.1427 0.0132 0.8661 0.9183 − 0.0285 0.7505 3.8431 3.617 0.8842

Modified
 50 9.5455 9.3643 0.0198 0.9493 0.2151 − 0.1151 0.7101 0.0771 2.61 0.9831
 100 12.7273 4.9948 0.0099 0.9318 0.1200 − 0.1900 0.5812 5.4380 1.654 0.9576
 150 22.2727 10.5066 0.0153 0.826 0.3689 − 0.0597 0.6837 0.7529 3.540 0.9567
 200 30.6364 17.8267 0.0146 0.9942 0.1394 − 0.1383 0.4846 0.2218 5.5113 0.9929
 250 39.9091 19.1002 0.0126 0.9708 0.9183 − 0.0175 0.5255 0.8848 5.5113 0.9723
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Fig. 11   Plot of log t/qt against 
time for the adsorption process 
on both modified and unmodi-
fied AC at initial concentration 
of a 50 mg/l, b 100 mg/l, c 
150 mg/l, d 200 mg/l, and e 
250 mg/l
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Table 5   Comparison between the types of kinetics exhibited by different adsorbent–adsorbate relationship

PFO pseudo-first order, PSO pseudo-first order

Adsorbent Adsorbate qe (mg/g) Ki Kinetic References

Mango peel Phenol 17.534 0.3928 PFO Gupta and Abdul Rafe (2013)
Mango kernel Chromium (VI) 17.534 0.3928 PSO Rai et al. (2016)
Coconut coir activated carbon Phenol 588.24 0.00016 PSO Ashanenduet al. (2018)
Modified Rhassoul (clay) Phenol 13.24 0.007 PSO Hamdaoui et al. (2018)
Organically modified manganite Phenol 47.11 0.00045 PSO Ge et al. (2019)
Unmodified mango seed shell AC Phenol 7.0203–14.1427 0.0087–0.0132 PFO This study
Nano-modified mango seed shell AC Phenol 9.3643–19.1002 0.0126–0.0198 PFO This study
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Fig. 12   Plot of qe against t for 
the adsorption process on both 
modified and unmodified AC 
at initial concentration of a 
50 mg/l, b 100 mg/l, c 150 mg/l, 
d 200 mg/l, and e 250 mg/l

-2

0

2

4

6

8

10

12

2 3 4 5 6
qe

 (m
g/

g)
ln t

qe qe modify

0

2

4

6

8

10

12

14

2 3 4 5 6

qe
 (m

g/
g)

ln t

qe qe modify

0

5

10

15

20

25

2 3 4 5 6

qe
 (m

g/
g)

ln t

qe qe modify

0

5

10

15

20

25

30

35

2 3 4 5 6

qe
 (m

g/
g)

ln t

qe qe modify

0

5

10

15

20

25

30

35

40

45

2 3 4 5 6

qe
 (m

g/
g)

ln t

qe qe modify

a b

c d

e

Table 6   Parameters for the 
intra-particle diffusion model

Conc. (mg/l) Unmodified adsorbent Nano-modified adsorbent

Ki C R2 Ki C R2

50 0.5762 − 1.3078 0.9776 0.6238 1.0741 0.9148
100 0.8325 0.0044 0.9401 0.4131 6.7978 0.9729
150 1.0295 4.0337 0.9738 0.8281 10.775 0.8528
200 1.0429 7.3022 0.9693 1.3385 12.011 0.9539
250 0.9351 16.138 0.9625 1.4062 19.574 0.9822
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Thermodynamic Studies

The thermodynamic parameters such as the standard 
enthalpy (ΔH°), standard free energy (ΔG°), and standard 
entropy (ΔS°) (Table 7) were evaluated form plot of ln Kd 
against 1/T (Vant Hoff”s plot) (Fig. 14a, b), to characterize 
the influence of temperature on transfer of solute from the 
solution onto solid–liquid interface (Bello et al. 2014). The 
ΔG° are negative except for 318 K and 333 K at 10 min 
for the UCAMSS and NCAMSS (Table 7). The ΔG° of the 
NCAMSS were higher than the NCAMSS and this indicated 
that adsorption process is spontaneous and feasible except 
for the ones at 318 K and 333 K, respectively. The decrease 

in negative value of ΔG° as the temperature increase indi-
cated that adsorption decrease with rise in temperature. This 
change in ΔG° value may be due to the increase in degree 
of freedom, which might enhance desorption rather than 
adsorption at high temperatures (Rani and Sud 2015). Gen-
erally, the range of free energy values (ΔG°) for physisorp-
tion is between − 20 and 0 kJ/mol, while chemisorption is 
between − 80 and − 400 kJ/mol. The value of the ΔG° fell 
within the range of 0 to − 20 kJ/mol for the adsorption pro-
cess on the UCAMSS and NCAMSS (Rani and Sud 2015).

The ΔH° values gotten were negative which varied 
from − 8.8212 to − 22.8643 kJ/mol for the UCAMSS and 
− 3.694 to − 31.402 kJ/mol for NCAMSS. This showed 

Fig. 13   Plot of qe against t0.5 
for the adsorption process on 
both modified and unmodified 
AC at initial concentration of a 
50 mg/l, b 100 mg/l, c 150 mg/l, 
d 200 mg/l, and e 250 mg/l
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that the adsorption process was spontaneous, exothermic, 
and likely physisorption.. The small negative values of ΔS° 
(− 0.0148 to − 0.0672 kJ/mol K) UCAMSS and (− 0.0330 to 

0.0922 kJ/mol) NCAMSS suggested that there was decrease 
in the degree of randomness on solid/solute interface during 
the adsorption (Rani and Sud 2015). However, at 40 min for 

Table 7   Thermodynamic parameters for the adsorption of phenol onto unmodified and nanoparticle-modified activated carbon

Time (min) Temperature 
(K)

Unmodified activated carbon Nanoparticle-modified activated carbon

ΔG (KJ/mol) ΔH (KJ/mol) ΔS (KJ/mol K) ΔG (KJ/mol) ΔH (KJ/mol) ΔS (KJ/mol)

308 − 0.285 − 1.1649
10 318 0.8106 − 16.035 − 0.0518 0.1959 − 24.521 − 0.0765

333 1.0564 0.7965
308 − 0.5633 − 1.8483

20 318 − 0.0180 − 15.276 − 0.0478 − 0.7003 − 22.339 − 0.0671
333 0.6382 − 0.1332
308 − 2.4887 − 3.3715

30 318 − 0.8831 − 22.864 − 0.0672 − 1.4718 − 31.402 − 0.0922
333 − 0.7333 − 0.9899
308 − 3.7247 − 4.4166

40 318 − 1.6127 − 11.635 − 0.0278 − 5.7094 − 3.694 0.0038
333 − 2.8833 − 4.6116
308 − 4.2654 − 7.3776

50 318 − 4.1129 − 8.8212 − 0.0148 − 6.5078 − 17.344 − 0.0330
333 − 3.8951 − 6.5099

Fig. 14   a Van’t Hoff’s plot of ln 
Kd against 1/T for the adsorp-
tion of phenol onto unmodified 
AC. b Van’t Hoff’s plot of ln Kd 
against 1/T for the adsorption 
of phenol onto nanoparticle-
modified AC
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the adsorption of phenol on NCAMSS, the ΔS° was posi-
tive. The comparison of the values of the parameters gotten 
from this study to other studies in which activated carbon 
removed phenol from wastewater using different adsorbent 
can be found in Table 8. All the values of ΔH°, ΔG°, and 
ΔS° reported in the previous and present study are negative 
(Table 8). The ΔS° obtained in this study were higher than 
those reported and this suggests that the degree of spontane-
ity of phenol adsorption onto the UCAMSS and NCAMSS 
is higher than some materials earlier reported for phenol 
adsorption.

Conclusion

The potential of Mango seed shell activated with BaCl2 and 
further modified with silver–gold-based nanoparticles bio-
synthesized from Cola nitda has been studied for effective 
removal of phenol from synthetic wastewater. The FTIR 
characterisation of the modified and unmodified mango 
seed shell ACs showed the presence of additional functional 
groups on the surface of the modified ACs. The nanopar-
ticle-modified activated carbon has the higher percentage 
removal compared to the unmodified activated carbon. The 
equilibrium data fitted well to the Freundlich isotherm model 
for the adsorption study, while the kinetic of the adsorption 
fitted best to the pseudo-first-order model. The intra-particle 
diffusion model showed that the rate-controlling step is influ-
enced by pore diffusion and that boundary layer diffusion. 
The adsorption process is heterogeneous, exothermic, spon-
taneous, and decreased randomness on solid/solute interface. 
It can be deduced that mango seed shell is a good precursor 
in the production of activated due to its high yield and good 
adsorption capacity, and the modification of the activated 
carbon with nanoparticles increases the rate of adsorption.
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