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In this research work, silver nanoparticles (AgNPs) were prepared using green procedure and loaded on
Hildegardia barteri activated carbon (HBAC) and then characterized for determination of morphology,
crystals structure, functional groups, surface area and porosity, and size distribution, of the composite
material using Scanning electron microscope equipped with energy dispersive X-ray spectroscopy
(SEM-EDX), X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), Brunauer Emmett
Teller (BET), and High-resolution transmission electron microscope (HRTEM). The AgNPs/HBAC
nanocomposite was used for the removal of Congo red (CR) dye from aqueous solution. The antimicrobial
activity of AgNPs/HBAC was tested against Pseudomonas aeruginosa, Salmonella typhi, Escherichia coli and
Bacillus subtilis bacteria using the agar well diffusion method. Parameters such as initial CR concentration
(20–100 mg/L), adsorbent dosage (0.1–1 g), contact time (0–90 min), and adsorption temperature (308,
318 and 328 K) were investigated on a batch adsorption process to estimate the CR removal efficiency.
The mesoporous AgNPs/HBAC had a BET surface area of 794 m2/g which enhanced CR adsorption capacity
(161.29 mg/g). The Freundlich isotherm emerged the best fitted model, indicating surface heterogeneity
(multilayer adsorption) between the CR and AgNPs/HBAC surface. The CR adsorption onto AgNPs/HBAC
was adequately described by a pseudo-second order kinetic model, and the overall adsorption process
was governed by Webber-Morris intraparticle diffusion, and liquid film diffusion models.
Thermodynamic study revealed that the adsorption ability of AgNPs/HBAC toward CR was spontaneous,
feasible, and exothermic. The developed AgNPs/HBAC could be used as a nano-adsorbent to mitigate the
environmental problems caused by CR in wastewater. Regeneration and reusability of AgNPs/HBAC
adsorption performance indicated adsorption efficiency greater than 85 % after five successive cycles.

� 2022 Elsevier B.V. All rights reserved.
1. Introduction

Water pollution has become a worldwide concern in recent
years because it causes serious threats to human life and ecosys-
tem [1]. Urbanization, industrialization, and population increase
are the major primary source of water pollution thus, affecting
aquatic life, stability in the environment and lowering the quality
of water resources for commercial use [2,3]. Dyes are essential
components of many industries including textiles, paint, printing,
food, tannery, pharmaceutical, cosmetics, rubber, and photo-
graphic industries [4]. These dyes substance when ingested are
mutagenic, carcinogenic and highly toxic to aquatic environment
and human life due to their resistance to biodegradation under aer-
obic conditions [5,6]. Dyes, when discharged into water bodies
without proper treatment pose a real threat to the aquatic environ-
ment by disrupting biological activity, aquatic organisms, water
reoxygenation capacity and reduces phytoplankton photosynthetic
rate by reducing light penetrability [7].
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Congo red (CR, C32H22N6Na2O6S) is a common diazo anionic dye
which contains two azo groups(–N=N–) bond in its molecular
structure with at least one end connected to an aromatic group
[4,8]. Due to their mutagenic, carcinogenic, and other toxic proper-
ties, CR has been banned in many countries. However, because it
adds a bright red color to fabrics, it is still widely used in most
industries [9,10]. The toxicity of CR poses potential health risks
by causing dizziness, mucous membrane damage, vomiting, diar-
rhea, genetic mutations, and respiratory irritation and damages
the human central nervous system [11]. The quality of water avail-
able to a population is directly related to their health and well-
being, as well as the socio-economic development of the society,
therefore, removing CR dye molecules from industrial wastewater
is crucial and has received significant attention to scientific com-
munity and environmental regulators [12].

Numerous methods have been used to combat the threat posed
by pollutants in wastewater, including reverse osmosis, ion
exchange, coagulation and flocculation, membrane separation,
photocatalytic degradation, biological degradation, chemical pre-
cipitation, electrochemical process, advanced oxidation and
adsorption [6,13,8,14]. Among these techniques, adsorption is
regarded as one of the well-established techniques for the treat-
ment of pollutants in wastewater as a result of its simplicity of
design, low energy requirement, high adsorption efficiency, low
cost, easy recovery, eco-friendliness, and ability to adsorb soluble
and insoluble organic pollutants [15,16].

Activated carbon (AC), among other adsorbents, is widely used
adsorbent for organic and inorganic pollutants removal from
wastewater [17]. Agricultural waste materials have recently
attracted attention as an alternative to existing commercial mate-
rials for activated carbon development due to their thermal and
mechanical stability, availability, cost effectiveness, desirable sur-
face area, eco-friendliness, and excellent adsorption ability,
[18,19]. Recently, almond tree dry leaves [20], spent tea leaves
[21], pineapple leaves [22], mango leaves [23], Dead Ashoka leaves
[24], Aloe vera waste leaves [25], Albizia procera leaves [26] and
Acalypha indica leaves [27], have been studied and reported for
the development of AC and utilized to remove organic and inor-
ganic pollutants.

Nanomaterials most especially metal nanoparticles have
received a great deal of attention from the scientific community
owing to their mechanical strength, high surface volume ratio,
metallic or semi-metallic behavior, electrical and thermal conduc-
tivity, chemical stability, and ease of synthesis with distinct crys-
tallinity and controllable structure [28,29]. Metal nanoparticle
synthesis via physical and chemical methods has drawbacks such
as toxic byproduct generation, high energy consumption, and high
cost. As a result of the need for an alternative technique capable of
overcoming these drawbacks, a new field of research on green and
environmentally friendly methods has emerged [30].

Green plant resources, which are free of chemical toxicity and
provide natural capping agents, provide a better platform for silver
nanoparticles (AgNPs) [31]. Furthermore, the use of plant resources
reduces the cost of microorganism isolation and culture media,
improving the cost-competitive feasibility of microorganism
nanoparticle synthesis [32]. Plants have unique phytochemicals
and metabolites that help them develop AgNPs faster and more
efficiently than microbes [33]. Plant phytochemicals aid in the cap-
ping of AgNPs, which results in stable and dispersed AgNPs. [34].
AgNPs are being considered for use as an adsorbent for pollutant
treatment due to their high surface area at the nanometer scale
[35]. Several studies have recently reported antimicrobial, antifun-
gal, anticancer, antioxidant, and antiplasmodial activities of AgNPs
[36,37,38,33,39]. The AgNPs synthesis using several plant leaf
extracts such as Ocimum tenuiflorum, Mentha spicata, and Azadir-
achta indica [40], Hagenia abyssinica [41], Conocarpus lancifolius
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[42], Piper nigrum, Ziziphus spina-christi and Eucalyptus globulus
[43], Cissus quadrangularis [44], Citrus medica, Tagetes lemmonii,
and Tarenna asiatica [45], Brillantaisia patula, Crossopteryx febrifuga
and Senna siamea [46] and Cassytha filiformis [32] have been
reported in literature.

AC has been utilized in several studies as an adsorbent for CR
removal, but few studies have reported the use of AgNPs loaded
on AC as an adsorbent, no study to the best of our knowledge
has reported the utilization of biosynthesized AgNPs from Ocimum
gratissimum leaves extract loaded on developed Hildegardia barteri
leave activated carbon to remove CR from aqueous solution. In this
study, process variable optimization using central composite
design (CCD), a statistical experimental design technique, an aspect
of the response surface methodology (RSM), was used to obtain the
optimum conditions for the development of high yield H. barteri
leave activated carbon and CR removal efficiency prior to loading
AgNPs. The influence of CR concentration, adsorbent dosage, con-
tact time and temperature on the adsorbent surface in a batch pro-
cess adsorption was studied. The adsorption isotherms, kinetics,
thermodynamics, regenerability, reusability as well as the antimi-
crobial activity were also examined.
2. Materials and methods

2.1. Materials and chemicals

O. gratissimum and H. barteri fresh leaves were obtained from
Landmark University, Omu-Aran Teaching and Research Farm.
Analytical grade chemicals such as Potassium hydroxide (KOH),
aqueous silver nitrate (AgNO3), congo red (C32H22N6Na2O6S2),
Mueller hinton ager, and dimethyl sulfoxide (DMSO) were pro-
cured from Sigma Aldrich.

2.2. Activated carbon preparation

The H. barteri leaves employed for the development of AC was
collected, washed severally with distilled water to remove dirt
and other foreign bodies before being used and dried at 100 �C
for 2 h. The dried leaves of H. barteri were loaded into a crucible
and then carbonized in a muffle furnace with a quartz tubular reac-
tor. The muffle furnace temperature was set to 300 �C and main-
tained for 30 min at 20 �C/min heating rate using N2 at a
flowrate of 25 mL/min. The char prepared after cooling at room
temperature, was then subjected to activation by mixing with
KOH solution as activating agent under predetermined impregna-
tion ratio (g KOH/g percussor). The mixture was allowed for 2 h
to activate and dried at 108 �C in an oven overnight. The dried
impregnated char was then transferred to the furnace for activa-
tion under the consideration of the following variables: activation
temperature (300–500 �C) and activation time (30–60 min) as
specified experimental conditions (Table S1). The synthesized H.
barteri activated carbon (HBAC) was allowed to cool at room tem-
perature before being thoroughly washed with distilled water to
attain a neutral pH (6.8–7.0) before being stored in an airtight con-
tainer for further use.

2.3. Design of experiment (DOE)

CCD was employed to statistically optimize the parameters
selected for the HBAC synthesis. The percentage production yield
and CR removal are the two responses to this optimization. The
interaction between the independent variables and the response
variables was determined using ANOVA, and these parameters
were also correlated with the response using an empirical model
based on the optimal predictive quadratic equation given as
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y ¼ bo þ
Xk

i¼1

biXi þ
Xk

i¼1

biiX
2
i þ

X
i<j

bijXiXj ð1Þ

where y denotes the predicted response, bo is the constant of coef-
ficient, bi; bii;bij; denotes linear, quadratic and interaction coeffi-
cients, Xi;Xj represent the independent variables considered.

Design Expert was employed to fit the equation developed
through regression analysis and to assess the significance of the
resulting equation. Table S2 revealed the coded variable levels
and their corresponding values. The response variable, percentage
production yield, was calculated using the equation given as

Actiavted carbon yield Y%ð Þ¼Weight of dried activated carbon prepared gð Þ
weight of dried precursor gð Þ

�100

ð2Þ

Table S1 revealed that Run 12 gave the highest percentage yield
and CR removal. Therefore, this study will be based on singular
response which is the percentage HBAC yield.

2.4. Development of AgNPs and nanocomposite

2.4.1. Biosynthesis of AgNPs
The hydrothermal method was used to prepare O. gratissimum

leaf extract. The freshly collected plant material was washed sev-
eral times with distilled water to remove debris before being oven
dried at 70 �C and powdered. 20 g of the dried powdered leaf mate-
rial was added to 250 mL Erlenmeyer flask containing 100 mL of
deionized water and boiled at 80 �C for 45 min on a magnetic stir-
rer and the solution mixture was allowed to cool (room tempera-
ture), filtered through Whatman filter paper No. 40. 10 mL of the
filtrated leaf extract was poured into an Erlenmeyer flask
(250 mL) and mixed with 90 mL AgNPs (1 mM); the prepared reac-
tion mixture was incubated at 25 �C in the dark for 24 h. Then, the
solution had changed colour from yellow to brown, indicating the
formation of AgNPs. The reaction was monitored using a UV–Visi-
ble spectrophotometer.

2.4.2. AgNPs loaded on H. barteri activated carbon
The synthesis of O. gratissimum AgNPs loaded on H. barteri acti-

vated carbon (AgNPs/HBAC) was conducted using a straight for-
ward agitation method. 5 g of HBAC was measured and added to
50 mL of prepared AgNPs solution in a 250 mL Erlenmeyer flask.
The mixture was stirred vigorously using a magnetic stirrer contin-
uously at 140 rpm for 2 h. The mixture was then oven dried at
105 �C for 1 h to obtain the desired nanocomposite adsorbent
(AgNPs/HBAC) and was stored properly for further use.

2.5. Characterizations of AgNPs, HBAC and AgNPs/HBAC
nanocomposite

The surface morphology together with the elemental composi-
tions were examined using scanning electron microscope (SEM)
(Zeiss Sigma, Germany) equipped with a Bruker energy dispersive
X-ray spectroscopy (EDX) detector. The materials surface chem-
istry was investigated using the Fourier-transform infrared (FTIR,
Agilent Cary 600) over the range of 4000–400 cm�1. The materials
crystallinity structure was examined using the X-ray diffractome-
ter (XRD, Bruker D8 Advance model (Cu - Ka radiation). The
diffractogram at room temperature was measured over 2h = 10 to
80� range with 0.02� step size. The textural properties were exam-
ined with Brunauer Emmett Teller (BET, TristarTM II 3020,
Micromeritics, USA). The materials size distribution and shape
were investigated using a high-resolution transmission electron
microscope (HRTEM, JEM-2100F, Japan). The point of zero charge
3

(pHPZC) of the prepared AgNPs/HBAC was determined using the
procedure described by Auta and Hameed [11].

2.6. Congo red adsorption

CR dye stock solution was first freshly prepared by dissolving
1 g powder dye in 1000 mL of distilled water and stirred for 6 h.
The stock solution was then stored in dark condition in other to
avoid its degradation. The prepared stock solution was used to pre-
pare other smaller concentrations as required. Batch adsorption
experiments were carried out in a set of Erlenmeyer flasks
(250 mL) containing 100 mL of CR dye solutions at various initial
concentrations (20–100 mg/L). To achieve equilibrium, 0.1 g
AgNPs/HBAC was added each to the flasks containing the CR solu-
tions, mixed, and placed in a water bath isothermal shaker at a sha-
ker speed of 140 rpm, for 2 h at 35 �C. The water bath shaker
temperature was adjusted to 45 and 55 �C respectively, and the
procedure was repeated with another set of flasks containing the
same but different initial CR concentrations (20–100 mg/L). All
experiments were carried out in triplicates. Aliquots were taken
at regular time intervals and the final dye concentrations in the
solution were analyzed using a UV–Vis double beam spectropho-
tometer at a maximum wavelength of 497 nm [47]. The removal
efficiency and amount of CR adsorbed, at equilibrium qe (mg/g)
was evaluated using the equations.

%MBremoval ¼ Co � Ce

Co

� �
� 100 ð3Þ

qe ¼
C0 � Ceð ÞV

W
ð4Þ

where Co and Ce are the initial and equilibrium concentration of CR
dye (mg/L) respectively; V is the dye solution volume (L); and W is
the weight of the adsorbent used (g). The amount of CR dye
adsorbed at a fixed time interval (t), qt (mg/g) is given by;

qt ¼
C0 � Ctð ÞV

W
ð5Þ

Chi-square (v2) statistical error analysis was employed to
determine the best fitted isothermmodel to the CR adsorption pro-
cess onto AgNPs/HBAC. Significantly, the isotherm model that best
describes the adsorption process must have lower values of v2 and
higher values of the regression correlation coefficient (R2) [4]. The
v2 statistical error analysis equation is given as;

v2 ¼
Xn
i¼1

qe;calc�qe;meas

� �2
qe;meas

ð6Þ

where qe, calc and qe, meas is the amount of CR dye calculated and
measured in mg/g.

2.7. AgNPs/HBAC regenerability and reusability study

A batch adsorption process was used for the regeneration of
AgNPs/HBAC. After being used to adsorb CR molecules, the exhaust
AgNPs/HBAC was regenerated by washing with ethanol and dis-
tilled water several times to ensure the disappearance of the
coloured CR on the adsorbent (desorption process) in order to
restore the adsorbent material to its original form. After washing,
the regenerated AgNPs/HBAC was oven dried at 108 �C for 2 h
and transferred into the conical flask containing the CR and the
mixture was placed on the shaker at equilibrium conditions. The
batch desorption process was studied under optimal conditions,
which included contact time of 60 min, adsorbent dosage of
0.4 g, 100 mg/L initial CR concentration and a pH of 2.
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3. Results and discussion

3.1. Statistical analysis of developed HBAC

3.1.1. Regression model establishment
The quadratic regression model equation, which is part of the

RSM as proposed by the CCD, was employed to investigate the
interaction impact of the variables considered on the HBAC per-
centage yield. In accordance with the design expert’s recommenda-
tion, 20 experimental runs were conducted. The results of those
experiments are shown in Table S1. The highest percentage HBAC
yield of 62.27 % was attained at Run 12 (impregnation ratio = 1:1;
activation temperature = 300 �C; and activation time = 60 min)
whereas the lowest yield of 20.56 % was attained at Run 8 (impreg-
nation ratio = 3:1; activation temperature = 500 �C; and activation
time 30 min). The relative predictive power of the quadratic model
quality which include the R2 (0.987), adjusted R2 (0.975) and pre-
dicted R2 (0.886) was observed to be within the desirability range
[48]. Thus, the quadratic regression model equation for the HBAC
yield response is given by;

Y %ð Þ ¼ 51:20� 4:02x1 � 10:09x2 þ 7:79x3 � 3:87x1x2

� 4:05x1x3 þ 3:17x2x3 þ 1:07x1 � 2:52x2 � 5:44x3 ð7Þ
3.1.2. Analysis of variance (ANOVA)
In order to highlight the model’s appropriateness and its impact

on the percentage yield of HBAC, an ANOVA was used. The calcu-
lated F-values and P-values (prob > F) obtained for the percentage
yield, as shown in Table S3, clearly revealed that the model was
highly significant, and the obtained quadratic regression equation
can explain the variation in response. The Model F-value of 83.59
implies that the model is significant, with only a 0.01 % chance that
F-value of this large could occur due to noise. The P-values less
than 0.0500 indicated that the model terms were significant. In this
case x1, x2, x3, x1x2, x1x3, x2x3, x22, x32 are the significant model terms
while x12 is the only observed insignificant term. The lack of fit F-
value of 4.09 indicates that there is a 7.42 % chance that a large lack
of fit F-value could occur due to noise. The quadratic regression
model coefficient of variance (C.V) value of 3.69 % confirms the
reliability and the mean acceptable variation of the experiment
[49]. The percentage yield level of significance can be deduced
from the highest sum of square values through the relationship:
activation temperature (x2) > activation time (x3) > impregnation
ratio (x1. Furthermore, the p-values (<0.05) obtained for these coef-
ficients; linear (x1, x2, and x3), interactive (x1x2, x1x3, and x2x3) and
quadratic (x22, and x32) were the significant terms for the percentage
yield response [50]. The activation temperature and time were dis-
covered to have the most significant effect on the percentage yield.
This conclusion was reached based on their highest F-values of
327.95 and 195.58 obtained through either a single variable
approach (x1, x2) or interaction between the variables (x1x2) (see
Table S3). The final quadratic regression equation model in terms
of the coded equation, excluding the insignificant terms, is given
by equation (8):

Y %ð Þ ¼ 51:20� 4:02x1 � 10:09x2 þ 7:79x3 � 3:87x1x2

� 4:05x1x3 þ 3:17x2x3 � 2:52x2 � 5:44x3 ð8Þ
A negative coefficient has an antagonistic effect on percentage

yield, whereas a positive coefficient has a synergistic impact [50].
For determining the suitable power transformation, the Box-Cox
plot was a good starting point. According to the plot, a transforma-
tion model is recommended if the standard transformation (cur-
rent lambda (kÞ) value obtained is outside of the low- and high-
confidence intervals (CI). The Box-Cox plot result indicated that a
4

transformation model was not recommended. This is due to the
fact that the current value (k = 1) falls within the confidence inter-
vals and is closer to the optimal design values (-0.31 and 1.14) as
shown in Fig. S1 (a). The quadratic mathematical model for the
percentage yield on HBAC synthesis was further analyzed using
the normal plot of residuals and the residual versus run number
plot to determine the quadratic model’s fitness to the experimental
data. The closeness of the data points to the straight line, as shown
in Fig. S1(b), indicated that the model residuals are normally dis-
tributed, thereby satisfying the analysis’s assumption [51,49]. The
residuals versus run number plots shown in Fig. S1(c) revealed
that the data points are distributed randomly around 0 and
between externally studentized residuals of �4.15 and +4.15, indi-
cating that at different synthesis variable conditions, all residuals
were found to be uncorrelated with one another [52,53]. As a
result, the quadratic model is appropriate and effectively describes
the interactive impact of the variables considered on the prepara-
tion of HBAC surface area.
3.1.3. Response surface 3-dimensional plots
The 3-dimensional surface response plots generated from the

selected quadratic regression model were used to examine the
interactive effects of impregnation ratio (x1), activation tempera-
ture (x2), and activation time (x3) on HBAC percentage yield, as
shown in Fig. 1. The plots revealed that the three factors con-
tributed to the percentage yield either individually or through
interaction although with different level of contributions. The per-
centage yield of HBAC obtained revealed that all three variables on
the response were significant. Comparison of individual contribu-
tions to the response, it was discovered that activation tempera-
ture had the greatest contribution with the highest F-value of
327.9. Fig. 1(a) depicts the interaction effect of impregnation ratio
and activation temperature at zero level activation time (45 min).
It is possible to chemically activate carbon at high temperatures
with an abundant impregnation ratio because the volatile matter
in the precursor is volatilized, consequently releasing some carbon
compounds through a series of reactions [54]. According to the
plots, impregnation ratio and activation time had the greatest
impact on the results, as demonstrated in Fig. 1(b). Moreover,
Fig. 1(c) demonstrates that activation time and temperature had
no effect on the response since only dehydration operations were
possible owing to the absence of an activating agent to spark the
needed reaction [55]. As shown in the final equation (Eq.8), the
impregnation ratio and activation temperature independent vari-
ables had a negative influence on yield due to the release of volatile
matter, dehydration, and continuous removal of tar from the pores
during activation, resulting in greater weight loss. [50].
3.1.4. Process optimization
The primary goal of this study is to identify the best process

parameters that can be used to maximize the HBAC percentage
yield from the developed quadratic mathematical model equation.
In order to maximize the percentage yield, the major parameters
considered for HBAC preparation were impregnation ratio, activa-
tion temperature, and activation time. To categorize the desirabil-
ity function of the yield response, Design Expert statistical
software was employed. The design process’s economic viability
was investigated by aiming for the maximum response (yield)
while varying the ranges of selected independent parameters.
The desirability range function assigns values ranging from 0 to
1, with ‘‘000 representing the most undesirable response and ”100

representing the most desirable or ideal response [56]. As shown
in Table S4, the high desirability conditions were discovered to
be an impregnation ratio of 1.078:1, activation temperature of
306.787, and activation time of 44.502, which were selected and



Fig. 1. Response surface plots for (a) impregnation ratio and activation temperature (b) activation time and impregnation ratio (c) activation time and activation temperature
on HBAC percentage yield.
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Fig. 2. UV–vis absorbance spectra of biosynthesized AgNPs assisted by O. gratis-
simum leaf.
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verified to achieve an overall yield of 59.412 with a desirability of
1.00.

3.2. Characterizations of AgNPS, HBAC and AgNPs/HBAC

3.2.1. UV–Vis spectroscopy
The UV–Vis spectra of AgNPs is shown in Fig. 2, which clearly

demonstrated a Surface Plasmon resonance of silver at absorption
5

band of 435 nm. This finding was consistent with the findings of
Al-Otibi et al., [57], who used Malva parviflora to biosynthesize
AgNPs.

The secondary metabolites of O. gratissimum extract revealed
the presence of bioactive compounds such as phenol, alkaloids,
steroids, saponins, glycosides, and flavonoids as presented in
Table S5. The presence of these identified dominant phytochemical
compounds in O. gratissimum extract may be assumed to be the
primary reducing and stabilizing agents in the biosynthesis of
AgNPs [58].
3.2.2. SEM analysis
The SEM micrographs of the developed samples at different

magnifications were depicted in Fig. 3. The SEM images presented
in Fig. 3(a-c), showed the formation of a clear homogeneous,
smooth and well- arranged large pores in forms of pores and caves
forming a honey-comb structure [35]. The pores observed may be
attributed to the KOH evaporation during carbonization [54]. Due
to the porous nature of HBAC, additional loading space for AgNPs
may be possible [59]. The EDX spectrum of HBAC as shown in
Fig. 3(d), confirms the chemical composition of prepared HBAC
with the carbon (66.36 %) and oxygen (24.73 %) content found in
significant amount while the percentage weight of other elements
was seen in a traceable amount, confirming the development of
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HBAC. The SEM micrographs of AgNPs/HBAC were presented in
Fig. 3(e-g). The presence of AgNPs in the form of white spots was
6

seen on the surface and pores of the HBAC external surface [60].
Despite the fact that some of the HBAC pores have been occupied
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by AgNPs, HBAC still has a large pore volume and a porous struc-
ture that can easily facilitate adsorbates transfer into the inner sur-
face of the adsorbents [61]. The identification of elements present
in the AgNPs/HBAC was revealed by the EDX analysis. When the
EDX analysis of AgNPs/HBAC (Fig. 3(h)) is compared to that of
HBAC (Fig. 3(d)), it was clear that AgNPs were successfully loaded
on the surface of HBAC, as evidenced by the decrease in carbon and
oxygen content of HBAC. HBAC/AgNPs had an elemental composi-
tion of 45.23 % carbon, 15.69 % oxygen, and 26.62 % Ag.

3.2.3. TEM analysis
TEM images at different magnification for HBAC, AgNPs, and

AgNPs/HBAC were depicted in Fig. 4. The TEM images as depicted
in Fig. 4(a-d) confirmed that the HBAC developed has a highly por-
ous structure with well-confined pores, confirming the amorphous
nature of the material [62]. The TEM images of AgNPs obtained, as
shown in Fig. 4(e-g), revealed that the particles are polydispersed
without agglomeration and are primarily spherical in shape [63].
The bioactive compounds trapped on the surface of AgNPs can be
attributed to the AgNPs surrounding thin layer [64]. The particle
sizes of AgNPs ranged from 6 to 24 nm, with an average particle
size of 15.57 nm. The TEM micrograph of HBAC/AgNPs is given in
Fig. 4(i-l). The images demonstrated that AgNPs were successfully
loaded onto the HBAC matrix. The images of the AgNPs/HBAC
nanocomposite had a spherical shape, indicating the formation of
AgNPs on the HBAC [35]. AgNPs/HBAC have an average particle size
of 26.36 nm and a particle size range of 22–43 nm.

3.2.4. XRD analysis
The crystallinity of HBAC, AgNPs and AgNPs/HBAC was exam-

ined using the XRD pattern, as presented in Fig. 5. The developed
HBAC at optimum conditions exhibits three broad diffraction peaks
at 2h = 24.09�, 42.79�, and 57.18�, which correspond to (002),
(100), and (004) diffraction as presented in Fig. 5(a). Graphitiza-
tion of carbon materials appears to be the result of the peak at
(002) during the development of activated carbon, confirming
the amorphous nature of the synthesized HBAC material [35,6].
The XRD pattern of AgNPs as depicted in Fig. 5(b), displays four
intense diffraction peaks at 2h, 38.11�, 44.25�, 64.43�, and 77.35�
conforming to the (111), (200), (220), and (311) planes, which
is consistent with silver nanocrystals standard patterns (JCPDS file
No. 0.4–0.783) with face-centered cubic crystal structure [65,31].
The synthesized AgNPs size was evaluated using the Debye-
Scherrer equation.
a

g h

b c

i

Fig. 4. TEM images for (a-d) HBAC, (e-h) biosynthesized Ag
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D ¼ 0:9k
b cos h

ð9Þ

where D is the AgNPs crystalline size, k is the wavelength
(0.1541 nm), b is the average full width half maximum (FWHM)
and h is the diffraction angle. The average crystalline size of the syn-
thesized AgNPs was calculated to be 23.11 nm. [65]. The AgNPs/
HBAC XRD pattern, depicted in Fig. 5(c), also shows strong diffrac-
tion peaks at 2h, 26.61�, 31.75�, 36.22�, 47.51�, 56.65�, 62.85�, and
77.01�, corresponding to (002), (122), (111), (100), (142), (220),
and (311) crystal planes of AgNPs and HBAC. This result demon-
strated that AgNPs were successfully immobilized on the surface
of HBAC [66].

3.2.5. FTIR analysis
The FT-IR-spectrum of AgNPs, HBAC, and AgNPs/HBAC are

depicted in Fig. 6. The FT-IR spectra of biosynthesized AgNPS from
O. gratissimum leaf extract given in Fig. 6(a), shows an absorption
peak at 3389 cm�1 that is related to N-H stretching. C–H stretching
of alkane groups is responsible for the peak at 2935 cm�1. The
more intense absorption band seen at 1643 and 1427 cm�1 can
be attributed to amide C=O stretching vibrations caused by car-
bonyl stretch in protein. The C-H bending is described by the peak
ed f

j k l

NPS from O. gratissimum leaf extract, (i-l) AgNPs/HBAC.



4000 3500 3000 2500 2000 1500 1000 500

(b) HBAC

Tra
ns

mi
tta

nc
e

Wavenumber (cm-1)

(a) AgNPs

(C) AgNPs/HBAC

Fig. 6. FT-IR analysis for (a) AgNPs, (b) HBAC, and (c) AgNPs/HBAC.

Kehinde Shola Obayomi, S. Yon Lau, D. Akubuo-Casmir et al. Journal of Molecular Liquids 352 (2022) 118735
at 1377 cm�1. The aliphatic amine C-N stretching is responsible for
the peak at 1257 cm�1. C–O bonds are ascribed to the absorption
bands at 1041 and 896 cm�1 [67]. The presence of organic com-
pounds on the surface of the biosynthesized AgNPs from O. gratis-
simum leaf extract was confirmed by these FT-IR results. Functional
groups like C-N, N-H, and C=Omay be responsible for the bioreduc-
tion of Ag+ to AgNPs [68]. HBAC FT-IR spectra depicted in Fig. 6(b)
shows some absorption peaks at 3749, 3675, and 3568 cm�1 relat-
ing to –OH stretching vibration of alcohols, phenols, and adsorbed
water. The band at 2989 cm�1 is assigned to C–H stretching of alke-
nes and alkanes, implying that the HBAC has been completely car-
bonized [69]. CH2 stretching is responsible for the band at
2387 cm�1. The C=O carbonyl groups are represented by a broad
absorption peak at 1736 cm�1. The peak at 1520 cm�1 can be
attributed to a C=C stretching aromatic ring. The C–O stretching
vibrations in esters, ethers, phenols, alcohols, and acids are respon-
sible for the intense absorption peak at 1141 cm�1. The bands at
737 and 633 cm�1 aided in the out-of-plane bending of C-H in ben-
zene derivatives. FTIR spectra of AgNps-HBAC as presented Fig. 6(c)
shows similar absorption peaks with HBAC at 3748, 3675, 2989,
1736 and 1520 cm�1. The absorption peaks at 2360, 1404, 1343,
1292, 926 and 856 cm�1 are apparent when AgNPS was loaded
on HBAC surface.

3.2.6. BET analysis
The BET analysis plots for HBAC and AgNPs/HBAC were pre-

sented in Fig. 7. The BET surface areas of HBAC and AgNPs/HBAC
were 822 and 794 m2/g, respectively, with total pore volumes of
0.616 and 0.462 cm3/g and average pore sizes of 6.194 and
5.154 nm. The HBAC high BET surface area was attributed to potas-
siummetal intercalation via the intermediate reaction of KOH with
carbon. The lower BET surface area value of AgNPs/HBAC could be
attributed to AgNPs addition on the HBAC surface, which causes
pore blockage of the AgNPs/HBAC [59,70]. The result revealed that
the AgNPs successfully percolated and incorporated into the HBAC
matrix, resulting in the formation of AgNPs/HBAC. AgNPs/HBAC
would be advantageous in that they would be bi-functional in nat-
ure, targeting both large molecule pollutants and acting as an
antimicrobial agent. According to IUPAC classifications, the HBAC
and AgNPs/HBAC exhibited behavior of both Type II and IV iso-
therms as depicted in Fig. 7(a &c), indicating that the HBAC and
AgNPs/HBAC composite is nonporous and mesoporous in nature.
The pore size distributions for HBAC and AgNPs/HBAC as calculated
by BJH were seen in Fig. 7(b &d). The pore size distribution of
HBAC and AgNPs/HBAC were discovered to be in the range of 2–
50 nm, indicating that the synthesized HBAC and AgNPs/HBAC
nanocomposite is dominated majorly by mesopores [71].

3.2.7. pHzpc measurement
The pHpzc is defined as the pH of a solution at which the charge

of the positive surface sites equals the charge of the negative ones,
8

i.e., the adsorbent surface charge has no value [72]. The surface
charge is negative when the pH is greater than pHpzc and positive
when the pH is less than pHpzc. The solid addition method, as
described by Auta and Hameed, [54] was used to determine the
point zero surface charge of the AgNPs/HBAC characteristics.
50 mL of 0.1 M NaCl was measured into six 100 mL conical flasks
with glass stoppers before adding 0.1 g AgNPS/HBAC.

The pH of the prepared NaCl solutions was adjusted between 2
and 12 using 0.1 M NaOH or 0.1 M HCl. The samples were placed
on a mechanical shaker at 140 rpm for 24 h. At the expiration of
time, when equilibriumwas established between the NaCl solution
and the AgNPs/HBAC, the final pH readings were noted. The pHi-
pHf values were plotted against the initial pH values of the solu-
tion, and the corresponding pH reading was taken as the pHzpc
of AgNPs/HBAC at the point where the plot crosses the point zero
line. Therefore, the pHzpc of AgNPs/HBAC as shown in Fig. S2
was 7.8 implying that AgNPs/HBAC surface is positively charged
at pH values below the pHzpc and negatively charged above this
point.

3.3. AgNPs/HBAC antibacterial activity

The AgNPs/HBAC was tested for antibacterial activity against
Pseudomonas aeruginosa, Salmonella typhi, and Escherichia coli
(Gram negative) and against Bacillus subtilis (Gram positive) at
25, 50 and 100 mg/mL using Agar-well diffusion (Muller Hinton
Agar) method described by Qu et al., [73]. Each well had a diameter
of 9 mm, with DMSO serving as negative control and streptomycin
(10 mg/mL) serving as positive control. The Petri dishes were
allowed to stand for a while after transferring 100 mL of each con-
centration into the wells before incubating for 24 h at 37 �C. The
diameters of the zones of inhibition were measured in each plate,
and the mean values were recorded. According to the mean values
presented in Table S6, it was observed that Pseudomonas was the
most susceptible to HBAC-AgNPs when compared to B. subtilis,
E. coli, and Salmonella sp. However, at 100 mg/mL, B. subtilis showed
greater susceptibility to the AgNPs/HBAC than at 25 and 50 mg/mL.

3.4. Influence of adsorption parameters on CR removal

The solution pH is an important parameter in adsorption pro-
cesses especially in determining the percentage removal. The effect
of the initial pH of solution on CR dye removal by AgNPs/HBAC is
shown in Fig. 8(a). An investigation of the effect of pH on adsorp-
tion of CR was carried out at pH range of 2–10 for 4 h. The climax of
adsorption was attained at lowest pH 2 and the least removal was
obtained at pH 10. This can be attributed to the fact that at lower
pH, CR dye exist as an anionic molecule and contains a negatively
charged group (–SO3– Na+). In acidic media CR dissociates into (R–
SO3–) which promotes its sorption to the positive surface of the
sorbent (AgNPs/HBAC) via strong electrostatic force [74]. Further-
more, in acidic conditions, sorbent binding sites are closely associ-
ated with hydrogen ions, which act as bridging ligands between
the adsorbent surface and the CR dye molecule for sorption [75].
In addition, due to surface complexation between the CR dye mole-
cules and the O-H functional group, high removal was observed in
acidic medium. At higher pH, however, there is an increase in neg-
ative ions (OH), which compete for sorption sites with CR dye
molecules, resulting in a decrease in the removal efficiency. As a
result of the reduced positive charge on the sorbents and the weak-
ened electrostatic attraction between the sorbent surfaces and the
CR dye molecule, the removal efficiency decreases [76].

Another important parameter in batch process adsorption that
can influence the adsorption behavior CR dye onto AgNPs/HBAC
is contact time. The relationships of adsorption capacity and per-
centage on contact time for the removal of CR onto AgNPs/HBAC
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were investigated by varying the contact time up to 90 min, at pH
2.0, with varying initial CR concentration (20–100 mg/L), at 308 K,
and 100 mg adsorbent dosage. According to the plots in Fig. 8(b
&c), increasing CR concentration resulted in significant adsorption
capacity increase in the initial stage and attained a dynamic equi-
librium, whereas increasing CR concentration resulted in a
decrease in percentage removal [77]. This finding can be attributed
fact that the higher the initial concentration of CR, the greater the
driving force for mass transfer, resulting in an increase in the
adsorption capacity of CR [78]. The adsorption capacity increased
significantly from 18.86 to 89.64 mg/g at equilibrium as the CR
concentration increased from 20 to 100 mg/g (Fig. 8(b)). However,
the decrease in CR percentage removal as concentration increases
could be attributed to adsorbent site saturation on the adsorbent’s
surface [79]. Excess pollutant concentration may result in a
decrease in CR percentage removal due to AgNPs/HBAC active sur-
face limitation and saturation [80]. As observed in Fig. 8(c), as the
CR concentration increases from 20 to 100 mg/L, the percentage
removal of CR decreases from 99.42 to 89.64 % [47]. As a result,
the removal of CR onto AgNPs/HBAC composite increased with
time and reached equilibrium at 60 min, which was used for fur-
ther investigation.

Adsorbent dosage effect on CR removal onto AgNPs/HBAC was
investigated in order to determine adsorbent effectiveness and
the ability to adsorb CR with a minimum dosage. This study was
9

carried out with an initial CR concentration of 100 mg/L, a pH of
2.0, an equilibrium time of 60 min at 308 K, and varying adsorbent
dosage (0.1–1 g), as shown in Fig. 8(d). The percentage removal of
CR increased from 78.88 to 98.87 % as the AgNPs/HBAC dosage was
increased from 0.1 to 0.4 g. This is as result of the increased avail-
ability of active sites on the AgNPs/HBAC surface that can interact
with the CR as the dosage increases. However, increasing the
AgNPs/HBAC concentration (>0.4 g) resulted in no significant
increase in CR removal due to AgNPs/HBAC saturation by the CR
molecules. This observation can also be attributed to the fact that
the amount of possible active sites on the adsorbent surface
increased with increasing adsorbent dosage and, to some extent,
attain equilibrium due to agglomeration of the adsorbent surface
sites with increasing adsorbent dosage [81].

The temperature CR removal onto AgNPs/HBAC was investi-
gated by varying the temperature from 298 to 323 K, with
100 mg/L initial CR concentration, a pH of 2.0-, and 60 min equilib-
rium time, as shown in Fig. 8(e). The results showed that as the
temperature increased from 303 to 323 K, the CR removal
decreased from 98.67 to 51.67 %. This could be attributed to
AgNPs/HBAC active site damage caused by an increase in kinetic
energy of the molecules as temperature rises, resulting in a
decrease in electrostatic interaction between the CR and AgNPs/
HBAC [78]. This finding revealed that the adsorption of CR onto
AgNPs/HBAC is exothermic [82].
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3.5. Adsorption isotherm

The interaction mechanism between the adsorbate and adsor-
bent was investigated using the adsorption isotherms described
by Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich (D-
R). The adsorption isotherm models also provide information on
the adsorbate distribution between the adsorbent surface when
the adsorption process has attained equilibrium. Table 1 shows
10
the equations for the adsorption isotherm models studied. The
Langmuir model is based on the assumption of monolayer adsorp-
tion on a homogeneous surface with identical active sites [83]. The
Freundlich model is based on the assumption of surface hetero-
geneity between the adsorbent and adsorbate [84]. The Temkin
model assumes that adsorption is characterized by a uniform dis-
tribution of binding energies and that increased coverage due to
adsorbate-adsorbent interaction results in a decrease in heat of



Table 1
Adsorption Isotherm models.

Models Equation Plot Parameters References

Langmuir Ce
qe

¼ 1
qmKL

þ Ce
qm

Ce
qe
vsce qm;KL Langmuir, [83]

Freundlich logqe ¼ logKF þ 1
n logCe logqevslogCe KF ;

1
n

Freundlich, [84]

Temkin qe¼BlnkT þ BlnCe qevslnCe AT ;B Tempkin and Pyzhev, [85]
Dubinin-Radushkevich (D-R) ln qeð Þ ¼ ln qsð Þ � be2

E ¼ 1ffiffiffiffi
2b

p
lnqevse2 qs;b; E Dubinin and Radushkevich, [86]
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adsorption [85]. Dubinin–Radushkevich model was employed to
estimate the porosity characteristic and free energy of adsorption.
It also aids in determining the physical or chemical nature of
adsorption processes [86]. The D-R model’s adsorption mean free
energy (E) assumes physical adsorption when the value of E < 8 kJ/-
mol and chemical adsorption when the value of E is
8 < E < 16 kJ/mol.

The amount of CR adsorbed per unit mass of AgNPs/HBAC was
calculated using adsorption isotherm models as a function of the
solute’s equilibrium concentration in the bulk solution at constant
temperature. Fig. 9 (a, b, c & d) depicts the linearized plots for
Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich.

When the regression correlation coefficient (R2) and chi-square
(v2) of each model were compared, it was observed that the Fre-
undlich isotherm model best fit the CR dye adsorption onto
AgNPs/HBAC better than the Langmuir, Temkin, and D-R models,
with a higher R2 and a smaller v2 values as shown in Table 2.
The fitness of the Freundlich model to the adsorption of CR onto
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AgNPs/HBAC suggests a multilayer and heterogeneous adsorption
process with different adsorbate affinity at each adsorption site
[87]. The value of 1/n is a measure of surface heterogeneity, with
values ranging from 0 to 1 becoming more heterogeneous as the
value approaches zero. [9]. According to the calculated 1/n value
of 0.7032, the adsorption surface of AgNPs/HBAC was heteroge-
neous in nature and favoured CR dye adsorption [61]. The mono-
layer adsorption capacity calculated from Langmuir adsorption
isotherm model was 161.290 mg/g. The D-R isotherm demon-
strated that the adsorption process is physical, as evidenced by a
mean free energy (E) of less than 8 kJ/mol. The maximum adsorp-
tion capacities of CR onto different adsorbents reported in litera-
ture is shown in Table 3.

3.6. Adsorption kinetics

The kinetics of CR dye adsorption onto AgNPs/HBAC at different
CR initial concentrations were investigated by fitting the adsorp-
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Table 2
Isotherms parameters for CR dye adsorption on AgNPS/HBAC.

Isotherm qmðmg=gÞ KL (L/mg) R2 v2

Langmuir 161.290 0.0900 0.945 0.316

KF 1/n R2 v2

Freundlich 74.557 0.732 0.999 0.141

kT (L/mg) B R2 v2

Temkin 1.245 29.465 0.942 2.430

qsðmg=gÞ b mol2=J2
� �

� 10�7 E(kJ/mol) R2 v2

Dubinin–Radushkevich 65.0333 6.000 0.913 0.844 3.161

Table 3
Comparison of CR maximum adsorption capacity onto various adsorbent.

S/
n

Adsorbent Maximum adsorption
capacity (mg/g)

References

1. Biosynthesized ZnONPs from
Hibiscus rosa-sinensis extract

9.62 [97]

2. Litchi seeds powder 20.49 [76]
3. Mesoporous activated carbon 14.20 [61]
4. nanostructured spinel-type

ZnCr2O4

62.53 [98]

5. Ag-nBC 2.65 [99]
6. Antigonon leptopus leaf powder 18.18 [106]
7. Bentonite-ionic liquid composite

(Bent_C12mmCl)
150.0 [100]

8 nZVMn/PBC 117.65 [101]
9 Curcumin conjugated zinc oxide

nanoparticles (Zn(Cur)O)
89.85 [102]

10 AgNPs/HBAC 161.29 This study
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tion data to four different models: pseudo-first order, pseudo-
second order, Webber-Morris intraparticle and liquid film diffu-
sion. The pseudo-first order assumes that physisorption controls
the adsorption rate, whereas the pseudo-second order assumes
that chemisorption controls the adsorption rate by transferring
electron between the adsorbent and adsorbate [70]. The Webber-
Morris Intraparticle diffusion method is commonly used to assess
the adsorption rate after the initial stages of adsorption. Further-
more, liquid film diffusion assumes that the adsorbate molecule
flows through a liquid film surrounding the adsorbent, which is
the most time-consuming step in the adsorption process. [88].
The adsorption kinetic model equations investigated were pre-
sented in Table 4.

Where k1 is the pseudo-first-rate constant (min�1), k2 is the
pseudo-second order rate constant (g/mgmin), kp is the Webber-
Morris intraparticle diffusion rate constant (mg/g min1/2), KF

(min�1) is the liquid film diffusion rate constant, C is the rate con-
stant diffusion, and F is the equilibrium fractional attainment. The
pseudo -first and second order, Webber-Morris intraparticle, and
liquid film diffusion kinetic model curves drawn from experimen-
tal data are shown in Fig. 10 (a, b, c, & d). The summary of the
Table 4
Adsorption Kinetic models.

Kinetic models Linear form

Pseudo-first-order logðqe�qtÞ ¼ logqe�
k1t

2:303

Pseudo-second- order t
qt
¼ t

qe
þ 1

k2q2e

Webber-Morris intra-particle diffusion qt ¼ kpt0:5 þ C
Liquid film diffusion �ln 1� Fð Þ ¼ KFt þ CF ¼ qt

qe
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results evaluated from the slopes and intercepts of the correspond-
ing regression curves, with the parameters k1, k2, qe, kp, KF, C, and
R2 is presented in Tables 5 and 6. When the pseudo-first and
second order kinetics were compared, it was clear that the
pseudo-second order kinetic had a higher R2 values than the
pseudo-first order kinetic. The pseudo-second order model also
revealed that the adsorption capacity values calculated qe (cal)
from the slopes and intercepts are closer to the experimental val-
ues qe (exp). The decrease in the adsorption rate constant (k2) of
the pseudo-second order model as the initial CR concentration
increased suggests that CR dye adsorption onto AgNPs/HBAC
reached equilibrium faster at lower concentrations than at higher
concentrations [89,90]. This finding showed that chemisorption
dominates and controls CR adsorption onto AgNPs/HBAC, and that
the interaction between the CR and AgNPs/HBAC involves electron
exchange or sharing [91]. Qin et al., [92] made a similar observa-
tion when they synthesized a novel CaCO3/chitin aerogel for CR
removal.

The multi-linearity curve of the Webber-Morris intraparticle
diffusion model depicted in Fig. 10(c), showed that the adsorption
of CR onto AgNPs/HBAC is controlled by two or more adsorption
mechanism steps. In the first phase, CR molecules diffuse into
the AgNPs/HBAC outer surface; in the second phase, CR molecules
diffuse into the AgNPs/HBAC internal pores (liquid film diffusion);
and in the third phase, CR molecules deplete due to the adsorption
mechanism, which is regulated by intra-particle diffusion (adsorp-
tion equilibrium stage). Using the Webber-Morris intraparticle fit-
ting curve, it was found that intraparticle diffusion (pore diffusion)
is not the only rate-controlling step during adsorption, but that
other processes, such as liquid film diffusion, may also be involved
in the adsorption process [93]. TheWebber-Morris constant, C, was
shown (see Table 6) increased as the initial CR concentration
increases. This is due to the fact that AgNPs/HBAC boundary layer
has grown in thickness [94].

The evaluated kinetics data revealed the pseudo-second order
fitness in describing the procedure of CR adsorption onto AgNPs/
HBAC. Although the adsorbent adsorption surface, liquid film diffu-
sion, and intraparticle diffusion, are all included in the overall
adsorption process. Due to the rapid adsorption process, the
adsorption response cannot be regarded a controlling step. As a
Plot Parameters Reference

logðqe�qt) vs t qe;cal; k1 [96]
t
qt
vs t qe;cal; k2 [103]

qt vs t0:5 kp;C [104]

ln 1� Fð Þvst KF ;C [105]
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Fig. 10. Kinetic models fitting curves for (a) pseudo-first order, (b) pseudo-second order, (c) Webber-Morris intraparticle diffusion, and (d) liquid film diffusion.

Table 5
Pseudo-first and second order kinetics parameters for CR adsorption onto AgNPs/HBAC.

Dye Conc. (mg/L) Pseudo-first order model Pseudo-second order model

qe (mg/g) qe (mg/g) k1 (min-1) R2 qe (mg/g) k2 (g/mg min) R2

20 18.86 14.99 0.00401 0.915 20.66 0.00609 0.990
40 37.20 48.43 0.0767 0.976 40.48 0.00351 0.990
60 55.45 56.68 0.0571 0.995 60.61 0.00213 0.991
80 71.35 80.58 0.0698 0.964 78.13 0.00167 0.990
100 89.64 112.95 0.0702 0.951 97.087 0.00151 0.992

Table 6
Webber-Morris and liquid film diffusion models for CR adsorption onto AgNPs/HBAC.

Dye Conc. (mg/L) Webber-Morris
Intra-particle diffusion

Liquid film diffusion

qe (mg/g) kp C R2 KF C R2

20 18.86 1.728 4.689 0.912 0.0619 0.116 0.982
40 37.20 3.320 10.487 0.818 0.0574 0.326 0.856
60 55.45 4.971 14.470 0.918 0.0533 0.231 0.997
80 71.35 6.630 17.857 0.872 0.0713 0.0543 0.998
100 89.64 8.022 25.381 0.840 0.0704 0.145 0.996
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result, gradual steps including intra-particle diffusion and liquid
film diffusion, whether individually or collectively, controlled the
adsorption process [92]. For mass transfer of CR adsorption onto
AgNPs/HBAC as indicated in Fig. 10(d), the liquid film diffusion
model was shown to be more appropriate based on the R2 values
obtained for intraparticle and liquid film diffusion. Finally, the rate
of CR dye adsorption onto AgNPs/HBAC is controlled by liquid film
13
and intraparticle diffusion, thereby allowing the adsorption to fit
the Pseudo-second order kinetic model [95].

3.7. Adsorption thermodynamics

The adsorption thermodynamics parameters such as enthalpy
change (DH), Gibbs free energy (DG), and entropy change (DS) were



Table 7
Thermodynamic parameters of CR adsorption onto AgNPs/HBAC.

Dye conc. (mg/L) DHðkJ/mol) DSðJ/mol K) Ea (kJ/mol) DG (kJ/mol)

308 K 318 K 328 K

20 �58.088 �166.712 28.493 �6.741 �5.074 �3.407

40 �35.143 �94.405 14.347 �6.067 �5.122 �4.178

60 �21.722 �52.418 10.896 �5.578 �5.054 �4.530

80 �24.043 �60.382 17.598 �5.446 �4.842 �4.238

100 –23.665 �60.173 11.867 �5.133 �4.531 �3.929

80

100

cy
 (%

)

Kehinde Shola Obayomi, S. Yon Lau, D. Akubuo-Casmir et al. Journal of Molecular Liquids 352 (2022) 118735
evaluated to determine the feasibility and spontaneity of the
adsorption process. Using the relationship between the equations,
the Gibbs free energy (G) was determined;

DG ¼ �RT lnK0 ð10Þ
60ffi
cie

n

DG ¼ DH � TDS ð11Þ
1 2 3 4 5
0

20

40

Ad
so

rp
tio

n 
e

Cycle number

Fig. 11. Reusability of AgNPs/HBAC for the removal of CR.
K0 ¼ qe

Ce
ð12Þ

where K0 is related to thermodynamic equilibrium constant, T is the
absolute temperature (K) and R is the gas constant (8.314 J/mol K).
The DSandDH values are evaluated using the equation;

lnK0 ¼ DS
R

� DH
RT

ð13Þ

The plot of lnK0 against 1/T at different concentrations yields a
straight-line graph as depicted in Fig. S3(a), and the DSandDH val-
ues were evaluated at different CR concentration from the inter-
cepts and slopes of the graph. Table 7 demonstrates the
thermodynamic adsorption results for CR adsorption onto AgNPs/
HBAC at various concentrations. The adsorption of CR onto
AgNPs/HBAC was feasible, spontaneous, and thermodynamically
favourable as result of the negative DG values obtained [76]. The
negative values of DH and DS suggests exothermic and random-
ness decreased at the adsorbate-adsorbent interface during the
adsorption of CR onto AgNPs/HBAC. According to the thermody-
namic data, adsorption performance of AgNPs/HBAC towards CR
molecules was favoured at low temperatures.

The activation energy of CR adsorption onto AgNPs/HBAC was
calculated for various concentrations using the rate constant of
pseudo-second order kinetic (k2) values as specified by the Arrhe-
nius relation equation:

ln k2 ¼ Ea

R
1
T

� �
þ constant ð14Þ

where Ea is the activation energy in kJ/ mol. The Ea values at various
concentrations was estimated from the slope of the Arrhenius plot
of ln k2 versus 1/T. The Ea values between 5 and 40 kJ/mol assume
physisorption whereas larger Ea values between 40 and 800 kJ/mol
indicates chemisorption [107]. The calculated Ea values obtained
from the slope depicted in Fig. S2(b) at various concentrations as
shown in Table 7 was between 10.896 and 28.493 kJ/mol. This
assumes that CR adsorption onto AgNPs/HBAC surface was more
dominated by the physisorption.
14
3.8. AgNPs/HBAC regenerability and reusability study

The nature of regeneration and reusability of adsorbents gener-
alizes their practical applicability. The goal of adsorbent regenera-
tion is to make the adsorption process more environmentally
friendly and cost effective. The results showed that after fifth con-
secutive cycle, the percentage removal of CR decreased from 95.66
to 86.34 %, as shown in Fig. 11. As a result of the experiment, it was
observed that the AgNPs/HBAC has an excellent reuse potential
with a reasonable economic value.

4. Conclusions

A central composite design which is an aspect of response sur-
face methodology was utilized to optimize the development of
high yield activated carbon from Hildegardia barteri (HBAC). The
ANOVA result, which was used to determine the significance of
independent variables and their interactions, revealed that impreg-
nation ratio and time interaction had the greatest influence on the
yield percentage. The optimum conditions determined by the
design expert software were impregnation ratio of 1.078:1, activa-
tion temperature of 306.787, and activation time of 44.502, result-
ing in an overall percentage yield of 59.412 and a desirability of 1.
Biosynthesized AgNPs from Ocimum gratissimum was successfully
loaded on the optimized HBAC (AgNPs/HBAC) for the removal of
congo red (CR) from aqueous solution. The textural, compositional,
and structural properties of the developed AgNPs/HBAC were
explained using XRD, SEM-EDX, FTIR, HRTEM, and BET. The adsor-
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bent textural characterization revealed a BET surface area of
794 m2/g, pore volume of 0.462 cm3/g and pore diameter of
5.154 nm. The overall adsorption process was found to be influ-
enced by adsorbent dosage, contact time, initial concentration,
and temperature. The Langmuir, Freundlich, Temkin and Dubi-
nin–Radushkevich isotherm models were investigated for the
adsorption of CR onto AgNPs/HBAC, and the Freundlich model fit-
ted well to the adsorption process. The maximum CR adsorption
capacity onto AgNPs/HBAC was 161.290 mg/g. The kinetic models
tested revealed that the adsorption process was best described
by a pseudo-second order kinetic. The adsorption of CR was
favoured by a decrease in temperature, implying that the adsorp-
tion process was exothermic. The regeneration and reusability of
the AgNPs/HBAC composite was performed using ethanol and
water as a desorbent, with an adsorption efficiency of removal per-
centage of 86.34 %t achieved after the fifth cycle. This demon-
strated that AgNPs/HBAC can be regenerated efficiently and with
high reusability. Antibacterial tests revealed that AgNPs/HBAC
nanocomposites were effective against Pseudomonas aeruginosa,
Salmonella typhi, Escherichia coli, and Bacillus subtilis bacteria.
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