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In this study, the influence of pyrolysis time and temperature on yield, fixed carbon and

physicochemical properties of the biochar produced from Empty Fruit Bunch (EFB) were

investigated. Response Surface Methodology was utilized to optimize the influence of pro-

cess  parameters on the surface area of activated carbon produced from the biochar in the

absence and presence of ultrasonication and was coded EFB-AC and EFB-UAC respectively.

The  EFB-AC and EFB-UAC were characterized using BET, TGA, HRSEM, XRD, FTIR and XPS.

The  batch adsorption behavior of MB onto EFB-AC and EFB-UAC was evaluated. The results

revealed that the optimum surface area (SBET) of 2114 m2/g was achieved for EFB-UAC at acti-

vation temperature (600 ◦C), activation time (45 min) and KOH concentration (1.5 M).  It was

found that EFB-UAC has high surface area, better thermal stability, better pores development

and improved surface chemistry compared to the EFB-AC. The maximum adsorption of MB

occurred at pH (10), adsorbent dosage (30 mg), contact time (40 min), Temperature (50 ◦C) and

MB initial concentration (50 mg/L). The experimental data was best described by Langmuir

isotherm model, having an adsorption capacity of 400 mg/g and 435 mg/g for EFB-AC and

EFB-UAC, respectively. The kinetic model was best suited by pseudo-second order model

for MB adsorption onto EFB-AC and EFB-UAC. The thermodynamics investigation showed

that  adsorption of MB was endothermic in nature due to strong electrostatic interaction

and  formation of hydrogen bonding. The study revealed that ultrasonic assisted variations
ame
of  the adsorption par
EFB-UAC.
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1.  Introduction

The global utilization of pigments and dyes in chemical industries

for instance paper, textiles, plastic, printing, food, pharmaceutical,

cosmetics and rubber industries have been widely recognized and

documented (Fakhri et al., 2017; Lima et al., 2019). The effluents gener-

ated from these industries affects the environment and human body

adversely (Ibupoto et al., 2018). About 10% of the hundred thousand

tons of produced dyes in these industries are discharged into the envi-

ronment as wastewater (Marrakchi et al., 2017). Basically, synthetic

dyes unlike natural dyes exhibit molecular stability and are classified as

cationic, anionic and non-ionic dyes because of their charge (Li et al.,

2019). Methylene blue (MB), is a commonly used cationic dye and a

major constituent of wastewater from these industries (Wang et al.,

2018b; Yang et al., 2019). Previous studies have revealed that expo-

sure to MB can cause eye injuries and skin damage, while high heart

rate, digestive disorder, nausea, vomiting and tissue necrosis are due to

direct ingestion of MB (Banerjee et al., 2017; Konicki et al., 2017; Wang

et al., 2018a). Therefore, development of an efficient and advanced

treatment method for the removal of MB from wastewater is considered

important in order to maintain a safe and healthy environment.

Several attempts have been made to remove MB using physical

treatment such as filtration (Yang et al., 2019), reverse osmosis (Qasim

et al., 2019), flocculation (Suresh et al., 2018) and coagulation (Pinto

et al., 2019), chemical treatments; which include photodegradation

(Jiang et al., 2018) and photo-Fenton (Hodaifa et al., 2019), and biological

treatments via anaerobic or aerobic biodegradation (Gaur et al., 2018).

However, these methods possessed some environmental and eco-

nomic drawbacks which include generation of secondary pollutants,

high cost, operations delay, complex treatment techniques, inadequate

removal efficiency and oxidizing agents dependence (Charola et al.,

2019; Li et al., 2017a,b). On the contrary, adsorption technology has

been identified as a superior alternative treatment method due to its

low cost, efficiency, ease of operation conditions, adsorbents diversity,

inertness to materials and environmentally friendly compared to other

treatment techniques (Guo et al., 2019; Konicki et al., 2018; Tian et al.,

2018; Zhang et al., 2016). Activated carbon remains one of the most

investigated adsorbents by researchers due to its porous structure, high

surface area, abundance of surface functional groups and high adsorp-

tion capacity (Altıntıg et al., 2017; Kluczka et al., 2019). However, the

production cost of commercial activated carbon is high hence under-

utilized agricultural wastes have been identified as a viable feedstock

substitute to produce cost effective activated carbon.

Researchers have exploited different renewable and low agricul-

tural byproducts namely; rice husk (Menya et al., 2017), mustard husk

(Charola et al., 2019), almond shell (Zbair et al., 2018), sunflower (Moralı

et al., 2018), coconut shell (Islam et al., 2017), acorn shell (Altıntıg et al.,

2017), pecan nut shell (Lima et al., 2019), peanut shell (Cai et al., 2018),

corn bract (Lin et al., 2018) and walnut shell (Miyah et al., 2018) amongst

others to produce activated carbon. In this study, Empty Fruits Bunches

from Palm tree was used to produce activated carbon. It is interesting to

note that the global production capacity of oil palm is 75.51 million MT

and Indonesia (43.00 million MT), Malaysia (20.70 million MT), Thailand

(3.00 million MT), Colombia (1.68 million MT) and Nigeria (1.02 million

MT) are the leading producers (USDA, 2019).

Specifically, Nigeria is known to be one of the leading producers

of oil palm. Unfortunately, the processing of oil palm to produce palm

oil generates enormous quantity of wastes such as palm kernel shells

(6%), mesocarp fibres (15%) and empty fruit bunches (EFB) (23%) in a

ton fresh fruit bunch of oil palm. At the moment, there is a growing

concern over the indiscriminate disposal of EFB into the environment,

which constitute a great danger to public health (Liew et al., 2017). Not

only that the indiscriminate burning of oil palm wastes in boiler for

steam production also causes air pollution and release of harmful gases

into the atmosphere. In addition, the utilization of oil palm wastes as a

combustion material for electricity also produces undesirable ash. This

necessitates the conversion of lost cost EFB into useful product like
activated carbon that can remove undesirable pollutants from indus-
trial wastewater that would be of benefit to the environment and the

scientific community in the search for cheaper adsorbent material.

Furthermore, different techniques among which is pyrolysis have

been identified as one of the most reliable thermochemical process for

the conversion of solid waste feedstock to high value biochar (Morin

et al., 2018). Pyrolysis is usually carried out in the absence of oxygen

depending on the applied temperature and heating rate (Chen et al.,

2018). However, slow pyrolysis often leads to high yield of biochar that

is rich in carbon content with an aromatic structure containing oxy-

gen. The large quantity of oxygen rich surface functional groups of

biochars enhances their chemical activation for different applications

(Lee et al., 2017). Several authors have reported the modification of the

properties of biochar by acids, bases, steam, metal oxides, clay min-

erals, carbonaceous materials and organic compounds to enhance its

surface area and porosity (Ait Ahsaaine et al., 2018; Zbair et al., 2018).

Response surface method (RSM) has been recognized as a tool that

revealed the interaction among two or more of the process parameters.

Different researchers have employed RSM to optimize the experimen-

tal variables in the preparation of activated carbon from agricultural

feed stocks such as mustard husk (Charola et al., 2019), peanut shells

(Xu et al., 2017), tobacco stem (Yu et al., 2019), rice husk (Zhang et al.,

2017), almond shell (Zbair et al., 2018), coconut shell (Dissanayake

Herath et al., 2019), Africana seed hulls (Garba and Rahim, 2014), cas-

sava stem (Sulaiman et al. 2018). However, most of these studies did not

investigate the influence of ultrasonication on the optimization of the

experimental conditions. Ultrasonication is a process that enhances

mass transfer through utilization of sound waves to generate fluctua-

tions in pressure within aqueous medium which resulted to the growth,

formation and eventual collapse of microbubbles in microseconds. The

sonication effect also lead to micro-explosions under high pressure and

temperature (Sodeifian and Ali, 2018). To the best of our knowledge,

the optimization of the influence of process parameters on the surface

area of developed activated carbon from EFB via RSM technique under

ultrasonic effect has not been investigated. Thus, the present study

focused on the preparation of activated carbon from EFB via ultrasonic

assisted optimization of temperature, time and KOH concentration to

produce material with high surface area and adsorption capacity for MB

molecules. Furthermore, statistical approach of Design of Experiment

(DOE) using RSM was adapted for Empty Fruits Bunch-Ultrasonicated

Activated Carbon (EFB-UAC) preparation to determine the parameters

with the most impact on the surface area of the activated carbon. The

prepared EFB-AC and EFB-UAC were characterized using several analyt-

ical techniques. This was followed by the investigation of the ultrasonic

assisted adsorption behavior of EFB-AC and EFB-UAC for the removal

of MB from aqueous solution via batch process.

2.  Materials  and  methods

2.1.  Materials

Analytical grade sodium hydroxide (NaOH), potas-
sium hydroxide (KOH), hydrochloric acid (HCl) and MB
(C16H18CIN3S*H20, MW = 319.86 G/mol) with percentage purity
in the range of 95–99.9% used were obtained from Sigma
Aldrich. The chemicals/reagents were used as received with-
out further purification. The nitrogen gas (95–99.9%) used in
this study was purchased from Vinee Gas Ltd. Abuja, Nigeria.

2.2.  Samples  collection  and  pre-treatment

The EFB feed stocks were randomly collected from different
locations within Neni, Anambra State. The EFB wastes were
washed with distilled water to remove possible impurities fol-
lowed by oven dried overnight at 105 ◦C to remove residual
water. The oven dried sample was subjected to size reduc-

tion and sieved with a 500 �m sieve. The powdered EFB was
subjected to then thermogravimetric analysis (TGA) as well as
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roximate and ultimate analysis prior to pyrolysis to obtain
he best degradation temperature profile.

.3.  Optimization  of  EFB  pyrolysis

ix (6) crucibles each containing 20 g of powdered EFB was sub-
ected to slow pyrolysis at different times and temperatures in
he furnace shown in Fig. 1. The horizontal tubular furnace
as set at a heating rate of 10 ◦C/min, and N2 flow rate of

0 mL/min. The pyrolysis temperatures used were in the range
00 ◦C–500 ◦C and the time was either 30 or 60 min  (Table 2).
fter each pyrolysis conditions, the sample was removed and

he yield of biochar calculated using Eq. (1).

ieldbiochar (%) = Massbiochar
Massraw EFB

× 100 % (1)

here Yieldbiochar (%) is the mass yield of biochar after pyrol-
sis, Massbiochar (g) Massbiochar (g) is the mass of biochar and
assraw EFB refers to the mass of raw biomass.

.4.  Optimization  of  chemical  activation  of  EFB  biochar

hemical activation of biochar obtained from EFB was per-
ormed to investigate the influence of ultrasonic assisted
ffects of the parameters of activation process such as temper-
ture, activation time and KOH concentration on the activated
arbon surface area. The values of the activation parameters
tilized in this study were obtained through the preliminary

nvestigation carried out using the range of values from the
iterature. The considered levels and values of the activation
arameters are presented in Table 1a using adopted Central
omposite Design (CCD).

Biochar (5 g) was soaked with 100 mL  of 2 M KOH in a
00 cm3 conical flask and sonicated for 1 h at 40 ◦C. The
ample was later poured into a crucible and calcined in
he furnace at 500 ◦C for 60 min  and thereafter cooled to
oom temperature and stored in an air tight container. The
urface area of produced activated carbon was determined
y Nitrogen adsorption–desorption Brunauer–Emmett–Teller
BET) technique. The same procedure was repeated for other
xperimental runs using the applied conditions as presented
n Table 1b. The obtained activated carbon was designated
s EFB-UAC. Similarly, the activated carbon labeled as EFB-
C was produced using the optimum conditions of activation
rocess (Temp. = 600 ◦C, time = 45 min, KOH conc. = 1.5 M), but
ithout ultrasonic influence.

.5.  Proximate  and  ultimate  analysis

he raw EFB and the produced biochar at different tem-
eratures and times were characterized to determine the
olatile matter content, ash content, moisture content and
xed carbon content. The moisture content of the samples
as determined using ASTM D2867 – 09 standard test method.
he sample (10 g) each of raw EFB and biochar was placed into

 crucible of a known weight, weighed accurately and was
laced with the lid inside the oven. The EFB sample was dried
t 105 ◦C for 2 h and was allowed to cool to room temperature

efore being removed from the oven. The final weight of the
amples was also determined and recorded. The moisture con-
tent (MC) of the sample was expressed in terms of percentage
difference of weight using Eq. (2).

MC (wt%) = w1 − w2

w1 − w0
× 100 % (2)

where w0 = crucible weight, w1 = crucible weight + EFB sample
before incineration and w2 = crucible weight + EFB sample after
incineration.

The percentage of volatile matter of the raw EFB and
biochar samples was obtained using the ASTM D5832 – 98
standard test methods. A known mass (10 g) each of the sam-
ple was weighed into a crucible of known mass and placed in
muffle furnace regulated to 600 ◦C for 30 min. On completion,
the sample was cooled to room temperature and the mass of
the crucible with the sample after incineration was recorded.
The percentage mass loss (volatile matter (VM)) was calculated
using Eq. (3).

VM (wt%) = wi − wf

wi
× 100 % (3)

where wi is the initial sample mass prior to incineration while
wf is the final sample mass after incineration.

The ash content determination was carried out using the
ASTM D2866 – 94 standard test method in a muffle furnace. A
known mass of raw EFB (10 g) and biochar sample mass (10 g)
was weighed and poured into a crucible of mass, (wa). The
crucible containing the samples was placed in the muffle fur-
nace and maintained at 800 ◦C for 1 h and thereafter allowed
to cool to room temperature and re-weighed. The percentage
ash content (Ash) was calculated using Eq. (4).

Ash (wt%) = wc − wa
wb − wa

× 100 % (4)

where wa is the mass of the crucible, wb is the mass of the
crucible and the sample prior to incineration and wc is the
mass of the crucible and the sample after incineration.

Fixed carbon content was obtained using Eq. (5).

Fixed carbon (wt%) = 100 − ( MC (wt%) +  VM (wt%)

+ Ash (wt%)) (5)

The elemental content namely; carbon, nitrogen, hydrogen
and sulfur of the pyrolytic feedstock (EFB) and the produced
biochar was determined using Perkin Elmer Elemental Ana-
lyzer (Model 240C). The value of oxygen content was obtained
using Eq. (6).

Oxygen (wt%) = 100 − (carbon (wt%) + nitrogen (wt%)

+ hydrogen (wt%) +  sulfur (wt%)) (6)

2.6.  Characterization  of  EFB-AC  and  EFB-UAC

The thermal profiles of raw EFB, EFB-AC and EFB-UAC were
examined using TGA 4000 (Perkin Elmer, UK) operated in
the temperature range 30 ◦C–700 ◦C with a heating rate
of 10 ◦C/min in a nitrogen environment. Fourier transform
infrared spectrometry (FTIR) analysis (Frontier FT-IR, Perkin

Elmer, UK) was utilized for the chemical functional group
determination of the samples. The morphology and elemental
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Fig. 1 – The schematic illustration of all experimental procedure.

Table 1 – (a) Actual and coded values of RSM optimization of process parameters for ultrasonic assisted activation of
EFB-UAC and (b) detailed experimental run for the ultrasonic enhanced optimization of the surface area of EFB-UAC.

a.

Process parameters Code Coded  values

−� −1 0 +1 +�

Activation temperature (oC) A 432 500 600 700 768
Activation time (min) B 20 30 45 60 70
Activating agent Conc. (M) C 0.66 1 1.5 2 2.34

b.
Run Activation temperature (◦C) Activation time (min) KOH concentration (M)

1(FC) 500 60 2
2(FC) 500 30 1
3(FC) 500 30 2
4(FC) 500 60 1
5(FC) 700 30 1
6(FC) 700 60 2
7(FC) 700 60 1
8(FC) 700 30 2
9(AP) 431.82 45 1.5
10(AP) 768.18 45 1.5
11(AP) 600 19.77 1.5
12(AP) 600 70.23 1.5
13(AP) 600 45 0.66
14(AP) 600 45 2.34
15(CP) 600 45 1.5
16(CP) 600 45 1.5
17(CP) 600 45 1.5
18(CP) 600 45 1.5
19(CP) 600 45 1.5
20(CP) 600 45 1.5

FC = Factorial, AP = Axial Point and CP = Center Point.
compositions of EFB-AC and EFB-UAC carbon was charac-
terized using high resolution scanning electron microscopy
(HRSEM) (Zeiss Auriga) with an attached energy dispersive
spectrometer (EDS). Surface area of the EFB-AC and EFB-UAC
were determined using BET (NOVA4200e, Quantachrome UK).

X-ray diffraction (XRD) analysis was carried out to identify the
phase structure and the degree of graphitization of the EFB-
AC and EFB-UAC using XRD 6000 (Shimadzu Scientific). A PHI
5400 XPS spectrometer was applied to examine the oxidation
states and surface functional groups of the prepared material.
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Table 2 – The effect of temperature and time on EFB biochar yield, proximate and ultimate analysis.

Temperature (
o
C) Time (min) EFB biochar

Yield (wt%)
Proximate analysis Ultimate analysis

MC (wt%) VM (wt%) ASH (wt%) FC (wt%) C (wt%) H (wt%) N (wt%) O (wt%)

300 30  60.00 8.20 54.80 5.00 32.00 60.17 8.65 0.60 30.58
60 55.00 6.50 51.50 5.70 36.30 61.26 8.00 0.78 29.96

350 30 57.00 5.00 50.30 6.50 38.20 62.38 7.36 0.85 29.41
60 53.00 4.60 45.40 7.00 43.00 65.91 6.50 0.98 26.61

400 30 55.50 4.30 37.00 8.20 50.50 67.00 6.20 0.91 25.89
60 48.40 3.20 35.40 9.60 51.80 72.70 5.00 0.97 21.33

450 30 51.00 2.60 32.80 10.00 54.60 73.29 4.62 1.00 21.09
60 47.00 2.20 32.70 11.00 54.10 76.58 3.94 1.02 18.46

500 30 48.50 2.00 30.00 11.80 56.20 78.31 2.45 1.16 18.08
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.7.  Ultrasonic  assisted  batch  adsorption  studies

he adsorption experiments of MB onto EFB-UAC were per-
ormed using a batch method where the effects of parameters
uch as adsorbent dosage, contact time, temperature, pH and
nitial MB  concentration on MB  adsorption were investigated.
ltrasonic bath (SB25-12DT, Ultrasonic Scientz) was utilized

o conduct all the adsorption experiments and the heating
ystem was set at the temperature (40 ◦C), power (180 W)  and
requency (40 kHz), respectively. The procedures are explained
s follows.

.7.1.  Ultrasonic  assisted  effect  of  adsorbent  dosage
he ultrasonic assisted influence of adsorbent dosage on MB
dsorption was determined by addition of different quanti-
ies of EFB-AC and EFB-UAC adsorbent (10, 20, 30, 40, 50 and
0 mg)  into 50 cm3 of the MB  solution in a 200 cm3 conical flask.
he covered flask was placed in the ultrasonic bath set at 30 ◦C
hile maintaining a constant contact time (20 min) and pH (6).
fter 20 min  of ultrasonication at the different MB  concentra-

ion (50, 100, 150 and 200 mg/L), the sample was filtered and the
ltrate analyzed using UV–vis spectrophotometer (Shimadzu,
4000S) method. The amount of MB  adsorbed was calculated
sing Eq. (7).

.7.2.  Ultrasonic  assisted  effect  of  contact  time
he ultrasonic assisted effect of contact time on the rate of
emoval of MB  by EFB-AC and EFB-UAC was studied with the
ddition of 30 mg  of the adsorbent into 50 cm3 of MB  solution
n a conical flask of 200 cm3. The flask was covered and placed
n the ultrasonic bath set at 30 ◦C for the different contact time
5, 10, 20, 30, 40, 60, 120 and 180 min) at pH of 6. After each con-
act time of ultrasonication at the different MB concentration
50, 100, 150 and 200 mg/L), the sample was filtered and the fil-
rate analyzed using UV–vis spectrophotometer method. The
dsorbed amount of MB  was calculated using Eq. (7).

.7.3.  Ultrasonic  assisted  effect  of  temperature
he ultrasonic assisted influence of temperature on the
mount of MB  adsorbed was determined by adding 30 mg  of
he adsorbent to 50 cm3 of MB  solution in a 200 cm3 conical
ask and placed in the ultrasonic bath. The flask was properly
overed and the temperature was varied at 25, 30, 35, 40, 45 and
0 ◦C using a constant equilibrium contact time (40 min) and
H (6). As the required contact time was attained using differ-

nt MB  concentration (50, 100, 150 and 200 mg/L), the sample
as filtered for residue removal while the filtrate was charac-
12.60 60.40 81.46 1.50 1.21 15.83

terized using UV–vis spectrophotometer method. The amount
of MB  adsorbed was calculated using Eq. (7).

2.7.4.  Ultrasonic  assisted  effect  of  pH
The ultrasonic assisted influence of pH on the adsorbed
quantity of MB was studied at the pH (2, 3, 4, 5, 6, 8, 10)
using either 0.1 M HCl or 0.1 M NaOH at a constant adsor-
bent dosage (30 mg), contact time (40 min) and temperature
(50 ◦C). A known mass (30 mg)  of the adsorbent was added to
50 cm3 of MB solution in a 200 cm3 conical flask and placed
in the ultrasonic bath. The sample was filtered to remove
the residue and the filtrate characterized for MB  using UV–vis
spectrophotometer and recorded. The amount of MB adsorbed
was computed using Eq. (7).

2.7.5.  Ultrasonic  assisted  effect  of  initial  MB  concentration
The ultrasonic assisted influence of MB initial concentration
on the rate of MB removal by the adsorbents were investi-
gated by adding 30 mg  of the adsorbent (EFB-AC, EFB-UAC) into
50 cm3 of MB solution in a 200 cm3 conical flask. The covered
flask was placed in the ultrasonic bath and operated for var-
ious initial MB  concentration (50, 100, 150 and 200 mg/L) at a
constant adsorbent dosage (30 mg), contact time (40 min), tem-
perature (50 ◦C) and pH (10). The solution was filtered and the
filtrate analyzed using UV-vis spectrophotometer. The amount
of MB  adsorbed was calculated using Eq. (7).

2.7.6.  Determination  of  point  of  zero  charge  (pHPZC)  of
EFB-AC  and  EFB-UAC
The point of zero charge (pHPZC) which is expressed as the elec-
trical balance between the adsorbent surface and MB  solution
was determined. 100 mL  of MB solution was poured into 10
different Erlenmeyer flasks and the initial pH (pHi) was main-
tained for each flask in the range of 2–10 (at 1.0 intervals).
Few drops of 1.0 M of HCl or NaOH was added to the mixture
and the pH of the solution was determined using a pH meter
(Eutech Instruments, Model Ecoscan Singapore). The deter-
mined optimum dosage (30 mg)  of EFB-AC was added into the
10 flasks and placed on a shaker for 48 h to achieve balance
charges between the surface of the adsorbent and MB solu-
tion. The suspension was filtered after 48 h and the final pH
at equilibrium (pHf) of the filtrate was noted. The pHPZC is
the intersection point between the curve of pHi against pHf

and identity function pHi = pHf. Similarly, same experimental

procedure was performed for the point zero charge (pHzpc)
determination of EFB-UAC.
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2.7.7.  Determination  of  ionic  strength  on  MB  adsorption
The ionic strength effect on MB  removal by the EFB-AC and
EFB-UAC was carried out by adding NaCa in the concentra-
tion range of 0.1–1.0 mol/L into MB  solution of 100 mg/L at the
temperature (50 ◦C), adsorbent dosage (30 mg), contact time
(40 min) and solution pH (10).

2.7.8.  Regeneration  studies
The reusability of the EFB-AC and EFB-UAC as an adsorbent
was evaluated. In this case, 0.1 M NaOH solution was used as
a medium to desorb the adsorbed MB  dye on the surface of
the adsorbent. A known quantity (50 mg)  of the MB  adsorbed
EFB-AC and EFB-UAC was added into 50 cm3 of 0.1 M NaOH
solution followed by continuous stirring at room temperature
of 45 min. The regenerated EFB-AC and EFB-UAC was washed
severally with deionized water for efficient removal of des-
orbing species. Subsequently, the regenerated adsorbents was
mixed with 0.1 M HCl and reused for 5 cycles of adsorption to
determine its effectiveness and stability.

2.8.  Data  analysis

The amount of MB  adsorbed at equilibrium and the percentage
removal were calculated by the following equations:

qe, t = (C0 − Ce, t) V
m

(7)

Removal % = C0 − Ce, t

C0
× 100 (8)

where qe,t (mg/g) is the adsorption capacity of MB adsorbed per
gram of the adsorbent at equilibrium, C0 (mg/L) = the initial
concentrations of MB  and Ce,t (mg/L) = equilibrium concen-
trations of MB, m (g) = the adsorbent weight and V (L) = the
adsorbate solution volume.

2.8.1.  Adsorption  isotherm  models
To evaluate the distribution of adsorbate molecules at solid/
liquid interface, some adsorption isotherm models were
applied. The obtained equilibrium adsorption data in this
work was analyzed using Langmuir (Langmuir, 1918), Fre-
undlich (Wang et al., 2018c), Temkin isotherm (Danish et al.,
2018b) and Dubinin–Radushkevich (D–R) (Dubinin, 1969) mod-
els to indicate MB  adsorption onto the surface of EFB-AC and
EFB-UAC adsorbents.

The Langmuir isotherm model is mathematically repre-
sented by the equation:

Ce
qe

= 1
KLqm

+ Ce

qm
(9)

Freundlich isotherm model equation is described as fol-
lows:

Inqe = In KF + 1
nF

InCe (10)

Temkin isotherm model equation is represented as follows:
qe = RT
bT

InAT +
(

RT
bT

)
InCe (11)
D–R model is mathematically represented in the following
equation:

In qe = Inqs − kadε
2 (12)

where qe (mg/g) is the quantity of MB adsorbed at equilib-
rium, qm (mg/g) represents maximum adsorption capacity for
monolayer coverage on the surface of adsorbent, Ce (mg/L)
depicts MB concentration at equilibrium. kL (L mg−1) is the
Langmuir equilibrium adsorption constant. KF (mg/g) and
nF = the Freundlich adsorption isotherm constant denoting
the adsorption capacity of the EFB-UAC and the heterogene-
ity of adsorption process respectively. bT (kJ/mol) and AT

(L/g) = Temkin constants that are related to the heat of adsorp-
tion and maximum binding energy. T = temperature (oC), while
R (8.314 J/mol.K) = universal gas constant. qad and qs = constant
related to adsorption mean free energy and D–R adsorption
capacity at monolayer saturation, while ε is a Polyani potential.

2.8.2.  Adsorption  kinetic  models
In order to determine the kinetic mechanism of MB  adsorption
onto EFB-AC and EFB-UAC, different kinetic models namely;
pseudo first order (Cheng et al., 2017; Ho and McKay, 1998),
pseudo-second order (Ho and McKay, 1999; Lima et al., 2019),
intraparticle diffusion (Ait Ahsaaine et al., 2018) and Elovich
kinetic model (Bankole et al., 2019) were utilized to fit the
experimental data and these includes:

The pseudo first order model is expressed mathematically
as:

In (qe − qt) = In qe − k1t (13)

The pseudo-second-order model is shown as follows:

t
qt

= 1

k2q2
e

+ t
qe

(14)

The intraparticle diffusion model is expressed by the fol-
lowing equation:

qt = kintt
1/2 + C (15)

The Elovich kinetic model is presented as follows:

qt = 1
ˇ

In (˛ˇ) + 1
ˇ

In t (16)

where qe (mg/g) = adsorbed amounts of MB at equilibrium, qt

(mg/g) = adsorbed amounts of MB at time t (min), k1 (min−1),
k2 (mg/g min), kint (mg/g min0.5) and  ̨ (mg/g min) = pseudo-
first order, pseudo-second order, intraparticle diffusion and
Elovich rate constants. C (mg/g) = constant for the boundary
layer thickness, while � (mg/g min) = constant for the desorp-
tion rate relative to the activation energy for chemisorption
and extent of surface coverage.

2.8.3.  Adsorption  thermodynamics
The thermodynamics studies of MB  adsorption onto EFB-
AC and EFB-UAC were performed to understand the energy
changes at various temperatures of 25, 30, 35, 40, 45 and 50 ◦C.

The thermodynamic parameters determined were enthalpy
change (�H◦), Gibbs free energy change (�G◦) and entropy
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hange (�S◦). The Gibbs energy change (�G, kJ/mol) of the MB
dsorption process was determined by Eq. (17)

Gads = �G◦ + RTInQ (17)

here Q describes the quotient of reaction which relates to
he MB  concentrations of a system that is not in equilibrium.
owever, at equilibrium �Gads = 0. Hence Eq. (17) is reduced to
q. (18).

G◦ = −RTInkd (18)

here kd is the equilibrium parameter that can be represented
y Eq. (19):

d = qe⁄Ce (19)

here qe and Ce are the quantity of MB  adsorbed at equilib-
ium and the equilibrium concentration of MB in the solution.

Substituting, �G◦ = �H◦ − T�S◦ into Eq. (17) and dividing
y RT, gives:

n kd = − �G◦

RT
= �S◦

R
− �H◦

RT
(20)

The �H◦ and �S◦ values can be obtained from the slope and
ntercept of linear regression analysis of the Van’t Hoff plots
f In kd against 1/T (Mechi  et al., 2019).

.8.4.  Error  analysis
ll the figures obtained from each experiment and analysis
as duplicated. The constants of the isotherm and kinetics

tudies were determined using Microsoft Excel 2016 software
t 95% confidence level. To determine the isotherm and kinetic
odel fitness to the experimental data in this work, the linear

etermination coefficient (R2), the non-linear Chi-square test
�2) and the sum of square error (SSE) statistical error anal-
sis tests were carried out. The mathematical equations are
epresented as follows:

2 =
∑

(qe, exp − qe, cal)
2/qe, cal (21)

SE =
∑

(qe, exp − qe, cal)
2 (22)

here qe, exp (mg/g) and qe, cal (mg/g) represent the obtained
quilibrium capacity from the experimental and model data
alculations of the equilibrium capacity respectively. With the
mall values of �2 and SSE, the model data showed similarity to
he experimental data. However, if the model data differs with
he experimental data, �2 and SSE will have higher values.
herefore, it is important to apply �2 and SSE to analyze the
ata and determine the isotherm and kinetic model with the
est fit isotherm for the MB  adsorption on the adsorbents.

.  Results  and  discussion

.1.  Characterization  of  EFB

he results of the proximate and ultimate analysis of EFB
evealed that 14.70% moisture content was obtained. Specif-
cally, the volatile matter content of 64.20 wt% indicates that
he material is rich in organic matter, and may be suitable

or biochar production. The low ash content (3.00 wt%) sug-
ests that the feedstock is good for biochar production. The
fixed carbon composition of 18.10 wt% signifies the poten-
tial to be transformed into carbonaceous materials during
pyrolysis (Liew et al., 2017). In addition, the elemental com-
position of the EFB showed that the biomass can be converted
to biochar residue through pyrolysis. The high carbon con-
tent of 44.50 wt% indicates its potential as a feedstock to
produce abundant carbon-rich biochar (Liew et al., 2017). The
high oxygen content (42.87 wt%) contributes to the surface
hydrophobicity and polar nature of the biochar.

The thermal stability of the biomass material presented
in Fig. 2a, indicates that the decomposition occurred in two
stages. The first stage signifies the removal of moisture while
the second stage correspond to the removal of volatile matter
present in the EFB (Ma  et al., 2017).

The weight loss of about 12% in the temperature range of
100–350 ◦C, was ascribed to the loss of moisture while in the
temperature range 350–500 ◦C, a weight loss of 62% occurred
due to de-volatilization and decomposition of lignocellulose
materials (such as hemicellulose, cellulose and lignin).

3.2.  Optimization  of  EFB  pyrolysis

The effect of pyrolysis temperature and time on the conversion
of EFB to biochar is presented in Table 2. It was observed that
the yield of biochar decreased as the temperature increased
from 300 ◦C to 500 ◦C. Similar trend was noticed for an increase
in time. This implied that increase in temperature and time
had a negative effect on the yield of biochar.

High yield of 60% and 55% at pyrolysis time of 30 and 60 min
were obtained at 300 ◦C. This high yield of biochar under the
applied conditions may be attributed to the reduction of con-
densation of aliphatic compounds and low emission of CH4,
H2 and CO. While the decrease in biochar yield may be due to
the dehydration effect of hydroxyl groups and thermal degra-
dation of organic compounds (Khalil et al., 2017). More  so,
the low yield of biochar despite increase in temperature was
attributed to biochar formation and availability of liquid and
gaseous products.

These results suggest that pyrolysis temperature and time
are linearly proportional and as such responsible for the evo-
lution of volatile matter to produce high value biochar needed
for activated carbon.

According to Table 2, it was found that the increase in pyrol-
ysis temperature and time caused the shrinkage of material
and release of volatile matter. This may be responsible for
the observed increase in ash content at 300 ◦C from 5.00 wt%
(30 min) to 11.80 wt% (60 min) and an increase at 500 ◦C from
5.70 wt% (30 min) to 12.60 wt% (60 min). The ash content sug-
gests the presence of mineral constituents such as K, Na, Al,
Fe, Mn  and Ca in the sample. These elements could act as
inorganic catalysts and improve the pyrolysis process for the
production of biochar of a low volatile composition and fixed
carbon of higher purity (Liew et al., 2017).

The fixed carbon content of EFB biochar increases with
increasing reaction time and temperature. This shows that
an increase in temperature and time were directly propor-
tional and exhibited a positive effect on the fixed carbon
content. This increment may be ascribed to thermal decom-
position of the extractives, tars and hydroxyl acid groups
excluding hydrogen and oxygen components (Ma  et al., 2017).
The biochar from EFB with the highest percentage fixed car-

bon of 60.40% at 500 ◦C after 60 min  was used for preparation
of the activated carbon (EFB-AC and EFB-UAC).
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Fig. 2 – Thermogravimetric analysis of (a) EFB; (b) EFB-AC and EFB-UAC at a heating rate of 10 ◦C/min in a nitrogen
-UA
environment; (c) FTIR and (d) XRD pattern of EFB-AC and EFB

3.3.  Optimization  of  ultrasonic  assisted  chemical
activation  of  EFB  biochar

3.3.1.  Effect  of  activation  temperature
The result of the surface area of the activated carbon devel-
oped at different temperatures is presented in Table 3. It
can be noticed that at the activation temperatures of 432,
500 and 600 ◦C, the surface area of EFB-UAC was 1617, 1710
and 2114 m2/g respectively. In addition, the surface areas of
1591 and 1609 m2/g were also obtained with further increase
in temperature from 700 to 768 ◦C. Table 3 indicates that
the maximum surface area of 2114 m2/g was obtained under
the following process conditions of activation temperature
(600 ◦C), activation time (45 min) and KOH concentration
(1.5 M),  respectively.

The increment in temperature through sonication assisted
activation process contributed to the formation of new pores
and enhancement of the existing pores, thereby resulting in
increased surface area. Similarly, it was observed that sur-
face area increased over the temperature range of 432–600 ◦C.
On the contrary, further increase in activation temperature
beyond 600 ◦C resulted to decrease in the surface area of the
EFB-UAC and was linked to the burn off and destruction of
pores at higher temperatures. Altıntıg et al. (2017) had ear-
lier reported surface areas of 940.13 m2/g for activated carbon
upon the increment in activation temperature. In another
study, the surface area of 1800 m2/g was obtained at the acti-
vation temperatures of 600 ◦C (Khalil et al., 2017).

3.3.2.  Effect  of  activation  time
Table 3 show the result of the effect of sonication enhanced
activation time on the surface area of EFB-UAC. According to
Table 3, it was observed that the increase in activation time
corresponds to increase in the surface area until activation
time of 45 min. Beyond the activation time of 45 min, the sur-

face area of EFB-UAC reduced. The surface area of 1470, 1514
and 2114 m2/g were obtained at the activation time of 20, 30
C.

and 45 min, respectively. On the other hand, further increase
in the activation time to 60 and 70 min  resulted to decrease in
surface area to 1710 and 1650 m2/g respectively. Therefore, the
maximum surface area of 2114 m2/g was obtained at the acti-
vation time of 30 min  under the following conditions; constant
activation temperature and KOH concentration of 600 ◦C and
1.5 M, respectively. The results show that activation time has
a significant effect on the surface area of the activated carbon
under sonication influence.

At low activation time, the surface area was small due to
insufficient time for the interaction between activation tem-
perature, KOH concentration and the EFB biochar (Li et al.,
2017a,b). However, the reduction in the surface area at higher
activation time from 2114 to 1650 m2/g was attributable to the
burn off of pores, widening of the micropores and mesopores
or collapse of the pores. Additionally, the reduction in surface
area at longer activation time was linked to the liberation of
the tar and volatile matter from the carbon surface, accom-
panied with increased mass loss of the carbon precursor (Li
et al., 2017a,b).

3.3.3.  Effect  of  KOH  concentration
The sonication assisted effect of KOH concentration on the
surface area of EFB-UAC was carried out and the result is pre-
sented in Table 3. It was noticed that the surface areas of 1569,
1710 and 2114 m2/g were obtained when KOH concentrations
of 0.66, 1.0 and 1.5 M were used for EFB activation. It was fur-
ther noticed that as the KOH concentration was increased to
2 and 2.34 M, the surface area reduced to 1521 and 1427 m2/g
respectively. Thus, the optimum surface area of 2114 m2/g was
obtained at the activation temperature and time of 600 ◦C and
45 min  respectively.

The KOH concentration plays prominent role on the acti-
vation of carbon with the metal intercalate in the carbon
lattice act as electron donor which caused the reaction dur-

ing activation. While oxygen in the alkali removed the carbon
atoms cross-linking in the crystallites (Lima et al., 2019). At
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Table 3 – Detailed experimental data for the ultrasonic enhanced optimization of the surface area.

Run Temperature (◦C) Time (min) KOH concentration (M) Surface area (m2/g)

1(FC) 500 60 2 1485
2(FC) 500 30 1 1500
3(FC) 500 30 2 1403
4(FC) 500 60 1 1710
5(FC) 700 30 1 1459
6(FC) 700 60 2 1521
7(FC) 700 60 1 1591
8(FC) 700 30 2 1514
9(AP) 431.82 45 1.5 1617
10(AP) 768.18 45 1.5 1609
11(AP) 600 19.77 1.5 1470
12(AP) 600 70.23 1.5 1650
13(AP) 600 45 0.66 1569
14(AP) 600 45 2.34 1427
15(CP) 600 45 1.5 2113
16(CP) 600 45 1.5 2113
17(CP) 600 45 1.5 2114
18(CP) 600 45 1.5 2113
19(CP) 600 45 1.5 2113
20(CP) 600 45 1.5 2113

FC = Factorial, AP = Axial Point and CP = Center Point.
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igh KOH concentration, the pore development was promi-
ent and mostly attributed to the intercalation of potassium
etal in the carbon structure. The increase in the KOH con-

entration was responsible for the catalytic oxidation resulting
o the formation of new pores and enhancement of the exist-
ng ones. This invariably contributed to the increase in the
urface area of the EFB-UAC. The activation of EFB biochar
ith KOH induced porosity network (microporous and meso-
orous structure) according to the chemical reactions in Eq.

23) and (24). These reactions alongside liberated carbon diox-
de, hydrogen gas and potassium (Lima et al., 2019). Although,
he first reaction was more  predominant, but both reactions
ccurred during the activation process.

 KOH + 2 C → 2 K + 3 H2 + 2 K2CO3 (23)

OH + C → K + CO + 1
2

H2 (24)

Thus, EFB-UAC with the specific surface area of 2114 m2/g
as produced under the following conditions; activation time

45 min), activation temperature (600 ◦C) and KOH concentra-
ion (1.5 M)

.3.4.  Statistical  analysis  of  variance  (ANOVA)  for
ltrasonic  assisted  production  of  EFB-UAC
entral Component Design (CCD) was used to analyze the

nteraction between the activation temperature, time and con-
entration of KOH on the surface area under the influence of
onication. The analysis of variance model result for the sur-
ace area of developed EFB-UAC is shown in Table 4. According
o Table 4, the F-value of 3.477 suggests that the model is sig-
ificant due to the fact that the p-values is less than 0.0500

Schüler et al., 2018),
Based on the p-values results in Table 4, activation tem-

erature, activation time and KOH concentration exerted
ignificant effect on the surface area of EFB-UAC. Among the
nvestigated factors, activation time (B) exhibited the great-
st effect on the surface area of EFB-UAC with the highest

-value of 82,489.93, followed by KOH concentration (C) with F-
alue of 50,804.51 and activation temperature (A) with F-value
of 107.23. Additionally, the interaction between the activa-
tion temperature and KOH concentration (AC) influenced the
surface area with the highest F-value of 24,653.26, while acti-
vation time and KOH concentration (BC) followed with the
F-value of 16,743.21. However, activation temperature and
activation time exhibited slight effect on the surface area of
EFB-UAC with F-values of 6,123.23. In addition, the value of
quadratic function of activation time was the highest on the
surface area of EFB-UAC with F-value of 9.439, followed by KOH
concentration with the F-value of 1.428 and activation temper-
ature with the F-value of 1.154. This implies that the proposed
model fit the experimental data and that the independent
variables have considerable effects on the surface area of EFB-
UAC activated carbon. The final equation in the term of actual
value is given in Eq. (25) as

Surfacearea = 2113.18–1.94A + 53.73B–42.16C–19.12AB

+ 38.38AC–31.62BC–176.92A2–195.66B2–217.58C2 (25)

The developed model (Eq. 25) defines the relationship
between the activation process parameters and the surface
area of activated carbon under sonication influence.

The 3-D surface plots of interaction between the parame-
ters are shown in Fig. 3(a–c). Fig. 3(a) revealed the synergetic
effect of activation temperature and activation time on the
surface area of activated carbon (EFB-UAC) (at a fixed KOH
concentration of 1.5 M), while Fig. 3(b) illustrates the interac-
tive effect of activation temperature and KOH concentration
on the surface area of EFB-UAC (at a fixed activation time of
45 min). Also, Fig. 3(c) shows the interactive effect of activation
time and KOH concentration on the surface area of activated
carbon (at a temperature of 600 ◦C).

As shown in Fig. 3(a) and (c), at lower activation times,
the surface area was not significantly affected by the increase
in the activation temperature and KOH concentration due to
insufficient time for the carbon to react (Nasrullah et al., 2019).
Conversely, at higher activation time shown in Fig. 3(a), it

was noticed that the surface area decreased as the activation
temperature increased further due to the pores burn off and
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Table 4 – ANOVA of response surface model for the surface area of EFB-UAC.

Parameter Sum of squares DF Coefficient estimate Standard error F value P-value Remark

Model 1.496 9 2113.18 0.28 3.477 <0.0001 Significant
A 51.24 1 −1.94 0.19 107.23 <0.0001 ”
B 39419.69 1 53.73 0.19 82,489.93 <0.0001 ”
C 24278.10 1 −42.16 0.19 50,804.51 <0.0001 ”
AB 2926.13 1 −19.12 0.24 6,123.23 <0.0001 ”
AC 11781.13 1 38.38 0.24 24,653.26 <0.0001 ”
BC 8001.12 1 −31.62 0.24 16,743.21 <0.0001 ”
A2 4.511 1 −176.92 0.18 9.439 <0.0001 ”
B2 5.517 1 −195.66 0.18 1.154 <0.0001 ”
C2 6.822 1 −217.58 0.18 1.428 <0.0001 ”
Lack of fit 3.95 4.73 0.0565 Not significant

Fig. 3 – The Three-dimensional response surfaces: (a) effect of activation time and temperature (at a fixed KOH
concentration of 1.5 M),  (b) effect of KOH concentration and activation temperature (at a fixed activation time of 45 min) and

ure o
(c) effect of KOH concentration and time (at a fixed temperat

widening of micropores and mesopores (Khalil et al., 2017).
Not only that, tar and volatile matter were liberated from the
surface of carbon at high activation temperature and high acti-
vation time, which further increased the weight loss of the
carbon precursor. It is obvious from Fig. 3(b) that there was
a strong interaction between the activation temperature and
KOH concentration with F value of 24,653.26 on the surface
area of EFB-UAC. The increase in surface area with increas-
ing impregnation ratio to the optimum point of 2114 m2/g was
due to the continuous evolution of volatile products under

the influence of ultrasonication. The sonication phenomenon
enhanced the dehydration and elimination process (Nasrullah
f 600 ◦C) on the surface area of EFB-UAC.

et al., 2019). Similarly, further addition of KOH resulted to
decrease in surface area due to the hindrance of tars and liq-
uids formation which blocked the pores on the carbon surface
during activation (see Fig. 3(b)).

3.4.  Characterization  of  EFB-AC  and  EFB-UAC

3.4.1.  BET  surface  area  of  EFB-AC  and  EFB-UAC
The surface area of the pyrolyzed biochar and developed acti-
vated carbon was analyzed using BET and the results revealed

that the EFB-AC had a surface area of 1036 m2/g with the
corresponding pore volume and pore size of 0.052 m3/g and
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.84 nm respectively. However, the surface area of the EFB-
AC (2114 m2/g) with the pore volume of 0.26 m3/g and pore
ize of 4.35 nm almost doubled that of EFB-AC. The signifi-
ant improvement in the surface area of EFB-UAC was linked
o the sonication effects which open the micro and macrop-
res of the material. The result of the surface area obtained in
his study was thrice the surface area of 828.3 m2/g reported
y Islam et al. (2017). The differences in the results could be
inked to the ultrasonic effect employed in this current study
nd also the strong interactive effects among the parameters
uch as the activation time, activation temperature and the
ctivating agent utilized.

.4.2.  TGA  of  EFB-AC  and  EFB-UAC
ig. 2(b) shows the result of the thermal profiles of the pre-
ared EFB-AC and EFB-UAC. Two decomposition stages were
bserved. Notably, for EFB-AC, a weight loss of about 1.96 wt%
as observed, and was attributed to evaporation of moisture

dsorbed on the sample between the temperatures of 100 ◦C to
00 ◦C. Furthermore, a weight loss of the EFB-AC increased to
4.15 wt% as the temperature increased from 300 ◦C to 500 ◦C.
his significant weight loss was due to depolymerization,
raphitization and volatilization of the EFB-AC. Also, 21.37 wt%
eight loss was observed beyond 500 ◦C attributable to the

oss of the residual inorganic and organic compounds. Also
n Fig. 2(b), the initial weight loss of 1.06%, which occurred in
he temperature range of 50 ◦C to 300 ◦C and depict the loss of
dsorbed moisture.

In the second stage, significant weight loss of 67.74% was
oticed in the temperature range of 300 ◦C to 500 ◦C. This
as linked to the decomposition of volatile constituents. The
ecompositions of both residual organic compounds and inor-
anic constituents above 500 ◦C resulted to corresponding
eight loss of 14.44%. Comparatively, it can be concluded that
FB-UAC was more  thermally stable than EFB-AC due to the
avitation impact induced by the ultrasonic enhanced activa-
ion process on the former than the latter.

.4.3.  FTIR  of  EFB-AC  and  EFB-UAC
he functional groups on the EFB-AC and EFB-UAC were exam-

ned using FTIR technique and the result presented in Fig. 2(c).
he FTIR spectra of the EFB-AC and EFB-UAC show the pres-
nce of the following absorption bands at 667, 1400, 1641,
068, 2354 and 3496 cm−1 respectively. Among the adsorp-
ion peaks, it was noticed that the intensity of the following
ands observed at 1400 cm−1(C C), 1641 cm−1(C O) and 2354
m−1(C C) was strong and predominant on the EFB-UAC than
n the EFB-AC due to the ultrasonication effect. The low inten-
ity of peaks on the EFB-AC spectra may be due to elimination
f oxygenated compounds during activation conversion of
iochar into activated carbon (Ma  et al., 2017). Similarly, the
ccurrence of peaks of low intensity may be explained in
erms of decomposition of oxygenated compounds accompa-
ied with the released of volatile lignocellulosic components

Liew et al., 2017). Interestingly, the sharp peak on the EFB-UAC
hat occurred at 542 cm−1(C H) was conspicuously missing on
he EFB-AC and could be linked to the sonication influence of
ctivation on the EFB-UAC. The absorbance peak at 667 cm−1

as ascribed to the vibrational bending of C H and O H in
lkane, alcohol or phenolic groups in the EFB-UAC (Kazak et al.,
017).

Also, the absorption peak at 2068 cm−1 suggests the pres-

nce of C O stretch of carbonyl and carboxyl groups. The
ormation of broad band at the wavelength of 3496 cm−1 rep-
resents O H stretching revealing the presence of hydroxyl
groups from aliphatic alcohols, phenolic compounds and car-
boxylic acid (Kazak et al., 2018). It is also evident that the
peak depicting hydroxyl group in the EFB-AC spectra was of
low intensity compared to the large broad band exhibited by
the EFB-UAC. The broad nature of the peaks at wavelength
of 3496 cm−1 for the EFB-UAC may be due to the cavitation
influence.

3.4.4.  XRD  of  EFB-AC  and  EFB-UAC
Fig. 2(d) shows the XRD pattern of the produced EFB-AC and
the EFB-UAC. There were presence of five peaks at 2� values of
20.60◦, 26.33o, 50.93◦, 59.88o and 68.00o which corresponds to
the following crystal planes (111), (002), (102), (202) and (220).
The identified peaks and crystal planes on the EFB-AC and
EFB-UAC confirmed the formation of crystalline carbon. How-
ever, it was observed that the peak at 26.33o (002) was sharper
and more  intense than other four peaks on both the EFB-AC
and the EFB-UAC. The peak identified at 26.33o showed simi-
larity with the peak reported by Ma et al. (2017) in their work.
The sharp and intense peaks observed on the EFB-UAC com-
pared to the smaller peaks on the EFB-AC could be attributed to
the active effect of KOH through ultrasonic assisted activation
process.

The crystallite sizes of the EFB-AC and the EFB-UAC calcu-
lated using Debyne–Scherrer equation expressed as follows;

D = K�
ˇcos�

(26)

where D (nm) is the mean crystallite sizes, K denotes the
crystallite shape factor called Scherrer constant with value
between 0.2 and 2.0 (0.94 for cubic structures), � (nm) refers to
the X-ray wavelength (0.154 nm),  ̌ (radians) is the full width
at half maximum (FWHM) of the diffraction peak in the XRD
pattern and � (deg) is the diffraction angle calculated from the
2� values of the XRD pattern. The evaluated crystallite sizes
ranged from 44 to 120 nm and 6 to 60 nm respectively. The
average crystallite size of 64 and 28 nm obtained, suggested
the polycrystalline nature of the EFB-AC and the EFB-UAC. The
small crystallite sizes obtained for the EFB-UAC could also be
linked to the significant influence of sonication during chem-
ical activation of EFB biochar by KOH.

3.4.5.  HRSEM-EDS  of  EFB-AC  and  EFB-UAC
The surface morphology of the EFB-AC and the EFB-UAC was
examined using HRSEM and the micrograph is presented in
Fig. 4(a) and (b). As shown in Fig. 4(a) and (b), distinguish-
able structural network were identified on the EFB-AC and
the EFB-UAC and could be linked to the applied preparation
conditions. Not only that, pyrolysis temperatures resulted in
the decomposition of EFB causing evolution of volatile sub-
stances to form new pores in EFB-AC (Fig. 4a). However, these
pores were enhanced and new pores formed during the son-
ication assisted activation process as shown by the arrows in
Fig. 4(b). The HRSEM of the EFB-AC shows that the surface con-
tains fewer cavities, while the surface of the EFB-UAC revealed
numerous cavities of different sizes and shapes. Therefore,
the surface of the EFB-UAC was more  porous in nature than
the EFB-AC due to the presence of cell pores and cavities of
different diameter.

The pores formation after activation was attributed to the

escape of some volatiles organic constituents as well as KOH
activating agent from the sample (Kazak et al., 2017).
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Fig. 4 – HRSEM of (a) EFB-AC; (b) EFB-UAC; (c) XPS spectra and High-resolution C 1s XPS spectra of (d) EFB-AC and (e) EFB-UAC.
The elemental composition of the EFB-AC and the ultra-
sonic enhanced EFB-UAC revealed element carbon as the
fundamental component of the material with 76.37% and
81.81% respectively. It was also observed that oxygen ranked
second with 21.80% and 16.60% on the EFB-AC and EFB-UAC.
Although there was a negligible amount of Si (0.72 and 0.55%)
on the EFB-AC and the EFB-UAC, while the calcium contents
were identified to be 1.11% and 0.70%. However, the presence
of potassium (0.34%) was identified on the EFB-UAC which
could be due to the KOH used for the activation.

3.4.6.  XPS  of  EFB-AC  and  EFB-UAC
The oxidation states of the elements present on the surface
of the EFB-AC and the EFB-UAC along with their functional
groups were determined using XPS method. The elements
identified on the surface of the EFB-AC and the EFB-UAC
through XPS measurements were predominantly C (1s) and
O (1s) as shown in Fig. 4(c). The binding energies region for the
C (1s) and oxygen O (1s) were 286.6 eV and 534 eV respectively.
The XPS analysis revealed an increase in the carbon and oxy-
gen content on the surface of EFB-AC and EFB-UAC adsorbents.
However, the oxygen content on the surface of EFB-UAC was
higher than EFB-AC surface. The improved oxygen content on
EFB-UAC may be due to the ultrasonic enhanced activation of
the adsorbent (Kazak et al., 2018).

In addition, a high-resolution C (1s) spectra fitted to the
deconvolution peaks for carbon and the identified functional
groups on the adsorbents surface are illustrated in Fig. 4(d)
and (e). As shown in Fig. 4(d) and (e), the main element is
C with peaks occurrence at the binding energy of 284.6 eV
(C 1s)). The binding energy of C (1s) in the XPS spectrum
deconvoluted at 284.6 eV confirmed the presence of the func-
tional groups (C C, C C). While other binding energies at

286.1, 287.3, 288.9 eV belong to the functional groups (C OH),
(C O) and (O C O) found on the surface of EFB-AC adsorbent.
Similarly, the deconvoluted peaks and the surface functional
groups on the EFB-UAC were observed at 284.8 (C C, C C),
287.8 (C OH), 289.5 (C O) and 290.8 eV (O C O). This study
shows that the EFB-UAC has more  C C (graphite) bonds com-
pared to EFB-AC. This may be due to ultrasonic influence on
the activation process. The transitional loss of peaks which
connote the chemical force of attraction on the surface of
the EFB-AC and the EFB-UAC is denoted by �–�*. The func-
tional groups obtained in XPS analysis were consistent with
the results of FTIR analysis in Fig. 2(c).

3.5.  Ultrasonic  assisted  adsorption  experimental  result

3.5.1.  Ultrasonic  enhanced  effect  of  adsorbent  dosage  on
MB adsorption
Adsorbent dosage is ranked as a major parameter promoting
adsorption process because it anchors the binding sites on sur-
face on the adsorbent (Bankole et al., 2019). The ultrasonic
enhanced effect of adsorbent dosage on the MB  adsorption
by EFB-AC and EFB-UAC was evaluated in the range 10–60 mg.
According to Fig. 5(a) and (b), it was found that as the weight of
EFB-AC and EFB-UAC was increased from 10 mg  to 60 mg,  the
adsorption capacity equally increased from 70.8 to 290 mg/g
and 75 to 307 mg/g respectively. The increased adsorption of
MB at higher dosage was linked to the increase in the number
of binding sites and bulk surface area (Miyah et al., 2018). In
addition, it was observed that as the adsorbent dosage was
adjusted above 30 mg,  the uptake of MB by EFB-AC and EFB-
UAC was not rapid due to possible aggregation, thus limiting
the active surfaces for adsorption (Khalil et al., 2017). The opti-
mum dosage obtained for MB removal in this study was 30 mg
of the adsorbents. Comparatively, it was noticed that EFB-UAC

adsorbed more  MB molecules at the various adsorbent dosage
than EFB-AC. This could be attributed to ultrasonic effect and
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Fig. 5 – Effect of adsorbent dose on the MB  adsorption onto (a) EFB-AC and (b) EFB-UAC (at contact time = 20 min,
temp. = 30 ◦C and pH = 6), effect of contact time on the MB  adsorption onto (c) EFB-AC and (d) EFB-UAC (at adsorbent
dosage = 30 mg,  temp. = 30 ◦C and pH = 6) and effect of solution temperature on the MB  adsorption onto (e) EFB-AC and (f)
EFB-UAC(at adsorbent dosage = 30 mg,  contact time = 40 min  and pH = 6).
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he enhanced surface area, pores formation and surface func-
ional groups of the EFB-UAC relative to EFB-AC.

.5.2.  Ultrasonic  enhanced  effect  of  contact  time  on  MB
dsorption
he results of effect of contact time on the MB  adsorption
sing EFB-AC and EFB-UAC are presented in Fig. 5(c) and (d).

t was observed that rapid adsorption occurred in the first
0 min  of the sonication time at the various initial MB con-
entration of 50, 100, 150 and 200 mg/L which was linked
o the external diffusion of MB  molecules to the enormous
umber of the adsorption sites available at this time region

Mouni et al., 2018). Also, the adsorption of MB molecules
nto EFB-AC and EFB-UAC gradually increased beyond 30 min
nd could be attributed to the influence of intraparticle dif-
usion (Kazak et al., 2018). As shown in Fig. 5(c) and (d), the
dsorption equilibrium was attained in 40 min  at the various
B concentrations and negligible increase in the MB adsorp-

ion was noticed at longer sonication times. In addition, two
dsorption stages (rapid and equilibrium) were identified. The
apid adsorption stage illustrates strong electrostatic attrac-
ions between MB  solution and the surface of activated carbon,
hile the insignificant adsorption of MB  at equilibrium (stable)

tage indicates the saturation of active sites on the surface of
ctivated carbon (Ait Ahsaaine et al., 2018). Furthermore, the
mount of MB  adsorbed increased from 54.16 to 58.33 mg/g
nd 292.66 to 301.67 mg/g using EFB-AC and EFB-UAC respec-
ively. At every contact time, it was observed that EFB-UAC
equestered more  of the MB molecules from aqueous solution
han EFB-AC. This was ascribed to the enhanced ultrasonic

ffect and higher surface area and presence of more  functional
roups on EFB-UAC than EFB-AC.
3.5.3.  Ultrasonic  enhanced  effect  of  temperature  on  MB
adsorption
Temperature is an important parameter in adsorption pro-
cess and was investigated in the range of 25–50 ◦C for different
initial MB concentrations (50, 100, 150 and 200 mg/L). As pre-
sented in Fig. 5(e) and (f), it was revealed that the effect of
temperature on MB  adsorption was low at MB concentrations
of 50 and 100 mg/L, but however increased at higher con-
centrations of 150 and 200 mg/L. This may be attributable to
increased scattering rate of MB molecules across the inter-
nal pores of adsorbent particles with increase in temperature.
Fig. 5(e) and (f) indicates that temperature is a significant
parameter in adsorption process due to the increase in MB
adsorbed quantity in the studied temperature range. In addi-
tion, increase in temperature translated to increase in the
adsorption capacity of MB adsorption at different MB concen-
trations, indicating that the adsorption process is kinetically
controlled. It was observed that the adsorption capacities
increased from 79.16–310 mg/g and 83.33–326.67 mg/g for MB
adsorption onto EPB-AC and EFB-UAC, respectively. The MB
adsorption onto EFB-AC and EFB-UAC was endothermic in
nature, indicating a favorable adsorption process. This behav-
ior could be due to decrease in the solution viscosity that
favors external transfer and adsorbate (MB) diffusion within
the solid adsorbent (EFB-AC and EFB-UAC) (Miyah  et al., 2018).
The increased MB adsorption with increase in temperature
could be linked to: (1) the increase in MB  mobility, thereby
enabling its penetration to the pores of the adsorbent; (2) the
increased chemical interactions of the MB with the functional
groups on the surface of EFB-AC and EFB-UAC; and (3) the
chemical potential change, associated with the solubility of

MB species (Lima et al., 2019).
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3.5.4.  Ultrasonic  enhanced  effect  of  pH  on  MB  adsorption
The pH of solution controls both the adsorbent surface chem-
istry and the solubility of MB (Lu et al., 2019). The ultrasonic
enhanced influence of solution pH on MB adsorption onto
EFB-AC and EFB-UAC was investigated. As shown in Fig. 6(a),
the MB/EFB-AC and MB/EFB-UAC systems were impacted by
the solution pH. The MB  adsorption increased as the solution
pH was increased from 2 to 10 and the adsorption capaci-
ties increased from 305 to 455 mg/g and 330 to 495 mg/g for
MB adsorption onto EFB-AC and EFB-UAC respectively. The
increased removal of MB  at high pH may be ascribed to the
fact that the EFB-AC and EFB-UAC became negatively charged
and easily adsorbed positively charged MB via electrostatic
attraction (Wang et al., 2018c).

As shown in Fig. 6(b) and (c), the adsorbents point of zero
charge (pHPZC) were estimated to be 6.5 and 6.6 respectively.
This indicates that the EFB-AC and EFB-UAC adsorbent sur-
face may be positively charged at pH < 6.5 and 6.6, respectively.
Consequently, a strong electrostatic repulsion could occur
between MB  and the positively charged EFB-AC and EFB-UAC,
thus inhibiting MB  adsorption by the two materials. Also, com-
petitive adsorption was observed between MB and excess H+ in
acidic pH. On the contrary, the surface of EFB-AC and EFB-UAC
became negatively charged at pH > 6.5 and 6.6 respectively and
thus, weakened the electrostatic repulsive force and enhanced
the adsorption of MB  on the surface of EFB-AC and EFB-UAC
(Ait Ahsaaine et al., 2018). The results obtained shows that
pH adjustment of wastewater is very important to achieve
improved adsorption of MB  by EFB-AC and EFB-UAC.

3.5.5.  Ultrasonic  enhanced  effect  of  initial  MB
concentration  on  the  adsorption  process
The influence of initial MB  concentration on MB  adsorption by
EFB-AC and EFB-UAC was studied and the result is presented
in Fig. 6(d). According to Fig. 6(d), the MB  adsorption onto the
EFB-AC and EFB-UAC increased as the initial MB concentration
was increased. The adsorption capacity of MB  adsorption onto
EFB-AC and EFB-UAC was observed to increase from 79.16 to
290 mg/g and 83.33 to 306.67 mg/g, respectively. The increasing
trend of MB  adsorbed amount could be due to ease of con-
tact between the active sites of the EFB-AC and EFB-UAC and
the MB  molecules. In addition, the driving force provided by
the initial MB  concentration overcame the resistance of MB
mass transfer. The removal efficiency of MB molecules by the
EFB-AC and EFB-UAC adsorbents presented in Fig. 6(e) indi-
cates that removal efficiency of MB decreased as the MB initial
concentration was increased. The highest removal efficiency
(95% and 100%) was obtained at 50 mg/L using EFB-AC and
EFB-UAC respectively. This could be attributed to decrease in
binding sites on adsorbent surface and increased repulsive
force between the adsorbent surface and MB  molecules (Shu
et al., 2018).

3.5.6.  Effect  of  ionic  strength  on  MB  adsorption
Inorganic salts are frequently utilized as additive in dye pro-
moting agents and levelling agents during treatment (Lu et al.,
2019). Hence, it is important to investigate the effect of inor-
ganic salts on the adsorption performance of EFB-AC and
EFB-UAC. It was observed from the ionic strength result in
Fig. 6(f). that increase in the ionic strength decreased MB
removal efficiency. At the initial electrolyte of 0.01 mol/L Na+,
96% and 99% of MB  was adsorbed by EFB-AC and EFB-UAC

respectively, however as the concentration of the electrolyte
increased from 0.1 to 1 mol/L Na+, the MB  adsorbed decreased
from 84 to 48% and 90 to 65%. However, 93% and 98% of
MB were adsorbed at the initial electrolyte concentration of
0.01 mol/L Ca2+ for EFB-AC and EFB-UAC respectively. As the
electrolyte concentration increased from 0.1–1 mol/L Ca2+, the
MB adsorbed decreased from 70 to 35% and 78 to 40% using
EFB-AC and EFB-UAC respectively. The result shows that the
addition of Na+ and Ca2+ to the MB solution inhibited MB
removal due to stronger competition between salt ions on the
surface of adsorbents and cationic MB  (Li et al., 2019). Also,
it was observed that Ca2+ posed higher inhibiting effect than
Na+ at the same concentration due to higher valence state of
Ca2+ than Na+. The adsorption of Ca2+ on the EFB-AC and EFB-
UAC surface produced stronger electrostatic repulsion onto
MB adsorption than Na+.

3.6.  Adsorption  isotherms

The MB dye interaction with the adsorbents (EFB-AC and
EFB-UAC) as a function of adsorption parameters were eval-
uated using adsorption isotherm models namely; Langmuir,
Freundlich, Temkin and D–R. This was done to correlate the
equilibrium experimental data of MB adsorption by EFB-AC
and EFB-UAC. The plots from the four different isotherm mod-
els are shown in Figs. S1 and S2, and the calculated parameters
are presented in Table 5.

The fitness of each isotherm was evaluated on the basis of
R2, SSE and X2 and the experimental data was  best described
by the Langmuir model with high R2 values (0.998–0.999) com-
pared to Freundlich (0.805–0.998), Temkin (0.815–0.999) and
D–R (0.664–0.978). In addition, the lowest values obtained
from the error analysis using statistical parameters (X2 and
SSE) equally validated the fitness of the model. Therefore, it
can be affirmed that Langmuir isotherm model showed the
homogeneous nature of the EFB-AC and EFB-UAC surface and
monolayer coverage of the MB molecule. Generally, Langmuir
isotherm assumes that: (i) It was not possible for adsorption
to advance outside monolayer coverage. (ii) The sites on the
surface are equivalent and only accommodate a molecule of
the adsorbate. (iii) MB molecules ability to adsorb at a speci-
fied site is not dependent on the neighboring sites occupation
(Ait Ahsaaine et al., 2018). More so, the determined (RL) val-
ues were between 0.008–0.112 and 0.001–0.055 for both the
EFB-AC and EFB-UAC, indicated a favorable adsorption of MB
molecules under the applied conditions. The Langmuir max-
imum adsorption capacity (qm) which assumes monolayer
adsorption for the uptake of MB molecules by EFB-AC and
EFB-UAC was equal to 400 and 434 mg/g respectively. Also,
the Langmuir model showed close correlation between the
calculated qm and the experimental qm. This result is consid-
erably better than the previously reported adsorbents in the
literature. For instance, an adsorption capacity of 166.51 mg/g
have been reported of activated carbon from banana trunk for
dye removal (Danish et al., 2018b). In addition, a microporous
carbon from cotton waste was reported to have an adsorp-
tion capacity of 369.48 mg/g (Tian et al., 2019). The maximum
adsorption capacities of MB onto EFB-AC and EFB-UAC in this
study and in the literature are summarized in Table 6. Accord-
ing to Table 6, EFB-AC and EFB-UAC were considered favorable
alternative for the MB adsorption from liquid media.

3.7.  Adsorption  kinetics
The non-linear pseudo-first order, pseudo-second order,
Elovich and intraparticle diffusion models were adapted and
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Fig. 6 – (a) Effect of solution pH on MB  adsorption capacity of EFB-AC and EFB-UAC (at adsorbent dosage = 30 mg,  contact
time = 40 min, MB  initial conc. = 100 mg/L and temp. = 50 ◦C); (b) EFB-AC Point of zero charge (pHPZC) determined by pH drift
method; (c) EFB-UAC Point of zero charge (pHPZC) determined by pH drift method; (d) effect of initial MB  concentration on the
adsorption capacity of EFB-AC and EFB-UAC (at adsorbent dosage = 30 mg,  contact time = 40 min, pH = 10 and temp = 50 ◦C); (e)
effect of initial MB  concentration on the adsorption efficiency by EFB-AC and EFB-UAC (at adsorbent dosage = 30 mg,  contact
time = 40 min, pH = 10 and temp = 50 ◦C); (f) effect of ionic strength (NaCa) on the MB  removal efficiency by EFB-AC and
EFB-UAC (at adsorbent dosage = 30 mg,  contact time = 40 min, temp = 50 ◦C and MB  initial conc. = 100 mg/L).

Table 5 – Parameters of isotherm models for MB  adsorption onto EFB-AC and EFB-UAC.

Isotherm Parameters EFB-AC EFB-UAC

50 mg/L 100 mg/L 150 mg/L 200 mg/L 50 mg/L 100 mg/L 150 mg/L 200 mg/L

Langmuir qm (mg/g) 68 167 233 400 77 196 312 434
KL (L min−1) 2.508 0.600 0.212 0.050 65.000 3.188 0.485 0.097
RL 0.008 0.017 0.032 0.112 0.001 0.003 0.014 0.055
R2 0.999 0.999 0.999 0.998 0.999 0.999 0.999 0.999
SSE 0.060 0.008 0.001 0.020 0.055 0.081 0.029 0.020
X2 0.012 0.010 0.000 0.072 0.040 0.056 0.062 0.068

Freundlich N 5.173 4.704 2.757 1.413 4.039 3.342 1.982 1.030
KF (mg/g) 86.936 198.335 295.393 757.530 79.763 166.265 295.393 542.750
R2 0.978 0.977 0.998 0.988 0.805 0.910 0.994 0.979
SSE 0.179 0.263 0.304 2.615 1.737 1.599 0.537 3.220
X2 0.215 0.203 0.184 0.960 0.392 0.180 0.112 0.102

Temkin bT (kJ/mol) −1847.62 −1448.66 −1038.29 −740.06 −16866 −3433.79 −1635 −996.6
AT (L/g) 0.86 × 10−5 4.0 × 10−5 22.9 × 10−5 74.3 × 10−5 1.4 × 10−6 8.4 × 10−5 1.1 × 10−5 2.3 × 10−4

R2 0.982 0.981 0.999 0.992 0.815 0.919 0.994 0.984
SSE 0.256 0.183 0.176 0.663 0.631 0.325 0.269 1.705
X2 0.131 0.120 0.108 0.214 0.247 0.141 0.102 0.205

D–R Kad 2 × 10−6 6 × 10−6 9 × 10−6 4 × 10−5 1 × 10−5 5 × 10−5 2 × 10−6 1 × 10−6

qs 71.215 135.409 182.71 214.198 79.623 149.038 201.361 240.591
R2 0.875 0.856 0.978 0.906 0.664 0.691 0.915 0.837
SSE 3.233 5.887 20.147 57.970 1.768 2.579 14.922 23.654

2
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X 0.888 3.337 10.980 

tted to the experimental data obtained and the plots are
hown in Figs. S3 and S4. The values of the calculated kinetic
arameters obtained for the four kinetic models as well as the
2, SSE and X2 are presented in Table 7. According to Table 7,
seudo-second order kinetic model demonstrated better cor-
elation with the experimental data due to a higher (R2) and a
ower SSE and (X2) error values. Also, a significant agreement
f the experimental (qe, exp) and the calculated (qe, cal) adsorp-

ion capacity showed the best fitness of pseudo-second order
inetic model.
26.826 0.173 1.710 7.414 18.147

Similarly, the initial rates of adsorption (h0) with higher
values were illustrated by pseudo-second order model which
indicated the significance of the adsorption at the initial val-
ues of contact time. In view of the obtained values in this study,
the mechanism of MB adsorption by EFB-AC and EFB-UAC
was strongly driven by chemisorption phenomenon, under the
influence of the chemical characteristics of the MB  and adsor-
bents (Lima et al., 2019). Furthermore, Elovich kinetic model

shown in Table 7 revealed that the values of  ̌ were lesser
than the values of ˛, suggesting rapid adsorption mechanism
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Table 6 – Comparison of maximum adsorption capacity and BET surface area for EFB-AC and EFB-UAC with various adsorbents described in the literature.

Adsorbent qm (mg/g) Activating agent SBET pH Contact time (min) Dosage (g/L) Co (mg/L) T (
o
C) Reference

BTAC 166.51 H3PO4 1173 – 20 1.5 250 25 Danish et al. (2018b)
AC-Fe/Zn-0.5-400-1 369.48 FeCl3/ZnCl2 1342 10.0 1440 0.05 400 25 Tian et al. (2019)
ACZ 386 ZnCl2 1817 – 720 0.1 600 25 Khalil et al. (2017)
Fe-AC 357.1 ZnCl2 940.13 4.0 60 0.05 250 25 Altıntıg et al. (2017)
ABC 53.23 HNO3 37.5 8.0 720 1.0 50 25 Wang et al. (2018c)
Fe-Ce-AC 264.55 Fe-Ce 776.2 7.0 180 2.0 400 40 Cheng et al. (2018)
AMH1 159.89 H3PO4/ZnCl2 1161.3 6.0 60 2.0 329 27 Danish et al. (2018a)
HAC-EA 270 KOH 823 7.0 1440 2.0 700 25 El-Shafey et al. (2016)
Beer solid wastes AC 161 CO2 80 6.5 120 1.0 500 25 Franciski et al. (2018)
Waste carpets AC 403.2 H3PO4 330 8.0 720 8.0 700 35 Hassan and Elhadidy (2017)
KFHAC 239.4 KOH 828.3 7.0 1440 0.2 400 50 Islam et al. (2017)
LSC 210.97 CO2 733 11.0 120 0.012 10 60 Li et al. (2018)
ACC 149.11 K2CO3 355.11 9.0 1560 1.0 400 30 Marrakchi et al. (2017)
Waste cork powder 350 Alkaline waste H2O 1670 7.0 10 2 700 20 Novais et al. (2018)
PG/C-A450-2/1 351 ZnCl2 1044 7.0 1440 0.4 300 30 Zhang et al. (2015)
PC 320.53 KOH 1187.8 7.9 720 0.1 400 30 Charola et al. (2019)
EFB-AC 400 KOH 40 10.0 40 0.03 200 50 This study
EFB-UAC 435 KOH 40 10.0 40 0.03 200 50 This study
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Table 7 – Parameters of four kinetic models for MB  adsorption onto EFB-AC and EFB-UAC.

Kinetics Parameters EFB-AC EFB-UAC

50 mg/L 100 mg/L 150 mg/L 200 mg/L 50 mg/L 100 mg/L 150 mg/L 200 mg/L

qe,exp (mg/g) 77.50 153.33 225.00 283.33 83.333 163.333 237.500 300.000
PFO qe,cal (mg/g) 31.05 108.14 150.11 158.05 98.719 41.486 150.107 181.970

K1 (g mg−1 min−1) −0.083 −0.107 −0.079 −0.051 −0.093 −0.100 −0.079 −0.063
R2 0.969 0.932 0.966 0.994 0.949 0.939 0.966 0.950
SSE 2157.347 2042.131 5609.010 15695.412 236.714 14846.809 7637.594 13931.061
X2 69.474 18.884 37.367 99.305 2.398 357.876 50.881 76.557

PSO qe,cal (mg/g) 78.06 154.08 225.73 284.09 82.64 163.93 238.10 300.30
K2 (g mg−1 min−1) 0.008 0.003 0.002 0.001 0.013 0.004 0.002 0.001
h0 (mg g−1 min−1) 48.08 68.03 82.64 75.76 86.21 103.09 103.09 90.91
R2 1.000 1.000 0.999 0.999 1.000 1.000 0.999 0.999
SSE 0.318 0.562 0.538 0.574 0.474 0.361 0.354 0.090
X2 0.004 0.004 0.002 0.002 0.006 0.002 0.001 0.000

Elovich � (g mg−1 min−2) 17657.912 3004.076 1268.532 783.851 4648.932 7619.135 2444.856 1447.050
� (mg g−1 min−1) 0.158 0.062 0.037 0.027 0.161 0.066 0.038 0.028
R2 0.791 0.817 0.804 0.848 0.719 0.770 0.785 0.818
SSE 6.091 8.127 10.890 17.052 2.146 5.559 7.242 13.157
X2 1.750 2.705 8.584 11.599 1.462 3.296 6.393 9.092

IPD kt (g mg−1 min−1) 1.667 4.265 7.215 10.351 1.576 3.958 6.926 9.894
C (mg/g) 61.295 111.330 149.930 176.650 66.487 121.100 163.430 194.310
R2 0.556 0.588 0.584 0.652 0.471 0.531 0.561 0.619
SSE 262.602 1764.280 5635.505 11381.334 283.799 1783.654 5486.365 11170.376
X2 4.284 15.847 37.588 64.429 4.268 14.729 33.570 57.487

PFO = Pseudo-first order, PSO = Pseudo-second order and IPD = Intraparticle diffusion.
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Table 8 – Thermodynamic parameters for MB  adsorption onto EFB-AC and EFB-UAC.

EFB-AC EFB-UAC

T (◦C) �G
o

(kJ/mol) �H
o

(kJ/mol) �S
o

(J/mol) �G
o

(kJ/mol) �H
o

(kJ/mol) �S
o

(kJ/mol)

25 1141.94 288.09 −34.15 1744.31 480.07 −50.57
30 1312.71 1997.16
35 1483.48 2250.01
40 1654.24 2502.86
45 1825.01 2755.71
50 1995.78 3008.56

Fig. 7 – (a) Reusability studies of EFB-AC and EFB-UAC (b) schematic demonstration adsorption mechanism of MB  on the

surface of EFB-AC and EFB-UAC.

than desorption phenomenon, thereby indicating high affinity
between MB  molecules and the activated carbon.

3.8.  Adsorption  thermodynamics

Thermodynamic plots for MB  adsorption onto EFB-AC and
EFB-UAC are shown in Figs. S5 and S6, while the calculated

parameters are presented in Table 8. According to Table 8, it
can be observed that the values of �G◦ increased from 1141.94
to 1995.78 kJ/mol and 1744.31 to 3008.56 kJ/mol for adsorption
of MB  by EFB-AC and EFB-UAC, respectively at different tem-
peratures. The adsorption energy increased with temperature
because of the endothermic nature of MB adsorption. Hence,
temperature increase translated to decrease in the solution
viscosity, while the kinetic energy and diffusion rate of the
MB molecules increased onto the active sites of the adsor-

bents (Mechi  et al., 2019). In addition, it was observed that
EFB-UAC had higher adsorption energy, therefore the affinity
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f the active sites of the EFB-UAC surface to the MB molecule is
ore  significant than the EPB-AC sites due to lower interaction

f MB  molecules with EFB-AC compared to the MB/EFB-UAC.
As shown in Table 8, values of �H◦ for MB adsorption

id not fall within 1–40 kJ/mol that indicates adsorption by
hysisorption (Cheng et al., 2017). This suggests that the
dsorption of MB  by the two materials was chemisorption in
ature. However, the results of �H◦ obtained in this study

or both EFB-AC and EFB-UAC are 288.09 and 480.07 kJ/mol,
hus confirmed that the adsorption between the MB molecule
nd the active sites of EFB-AC or EFB-UAC was more  of
hemisorption than physisorption. Also, the positive values
f �H◦ demonstrated the endothermic characteristic of MB
dsorption. The negative values of �S◦ revealed decrease in
andomness at the interface of the adsorbent-MB solution (Li
t al., 2018), thereby showing a more  ordered transition state
han the initial state.

.9.  Reusability

egeneration capacity of the adsorbents has been identified as
 major parameter for economical and valuable environmen-
al application. The result of the desorption cycles of EFB-AC
nd EFB-UAC shown in Fig. 7(a) revealed that the regenerated
dsorbents can be reused for at least four (EFB-AC) and five
EFB-UAC) adsorption–desorption cycles without change in its
ffectiveness. However, decrease in the efficiency of EFB-AC
bserved beyond the 4th cycle could be attributable to the
eposition of MB  molecules on the EFB-AC surface during the
rocess of regeneration. The effectiveness of EFB-UAC over
FB-AC could be linked to the ultrasonic effect during the acti-
ation process of the activated EFB.

.10.  Adsorption  mechanism

here are several parameters influencing the adsorption
rocess; including the surface chemistry of the materials,
olecular structure of dye and the adsorbate interactions

Wang et al., 2019), In this study, MB  adsorption was highly
ependent on the pH and ionic strength. Fig. 7(b) provides
n idea concerning the mechanism of MB  adsorption onto
he adsorbents. The MB  adsorption onto EFB-AC and EFB-UAC
as favored by high pH (pH > pHPZC) values which resulted

o high amount of MB  adsorbed. This was ascribed to strong
ntermolecular electrostatic attraction between the nega-
ively charged adsorbent (EFB-AC and EFB-UAC) surface and
he positively charged MB  solution. However, at lower pH
pH < pHPZC), a small amount of MB  was adsorbed by EFB-AC
nd EFB-UAC due to positive surface nature of the adsorbent
hich did not enhance MB  adsorption because of electrostatic

epulsion (Miyah  et al., 2018). Other adsorption mechanisms
nstead of electrostatic interactions may also be responsi-
le for MB  adsorption onto the adsorbents (Wang et al.,
018c). Also, the presence of hydrogen bond between nitro-
en of MB  and hydroxyl of EFB-AC and EFB-UAC could be
ttributable to the adsorption of MB  molecule (Cheng et al.,
017). The investigation of salt effect showed that increasing
he ionic strength, decreased the MB adsorption capacity onto
he adsorbents which validates the existence of electrostatic

ttraction between the adsorbents and the MB  molecule (Lu
t al., 2019).
4.  Conclusion

The prepared EFB-AC and EFB-UAC from EFB were successfully
applied to adsorb MB from aqueous solution under ultrasonic
influence. The study showed that EFB-AC has a surface area
of 1036 m2/g, while EFB-UAC has a higher surface area of
2114 m2/g. The characterization of EFB-AC and EFB-UAC using
BET, TGA, HRSEM, XRD, FTIR and XPS showed that EFB-UAC
has high surface area, better thermal stability, better pores
development and improved surface chemistry compared to
the EFB-AC due to the influence of sonication. The obtained
high surface area and mesopores of EFB-UAC facilitated the
adsorption of MB  molecules at the optimum conditions:
pH (10), adsorbent dosage (30 mg), sonication time (40 min).
temperature (50 ◦C) and MB initial concentration (50 mg/L).
The equilibrium data was best described by the Langmuir
model, indicating that MB adsorption predominantly occurred
due to strong interactions between the adsorbents (EFB-AC
and EFB-UAC) and MB. The maximum monolayer adsorption
capacity was shown to be 400 and 435 mg/g for the adsorption
of MB onto EFB-AC and EFB-UAC respectively. The adsorp-
tion kinetics was best described by the pseudo-second order
kinetic model. The thermodynamic parameters validated that
the adsorption of MB is endothermic in nature and favored
by chemisorption. The EFB-AC and EFB-UAC had reusability
potentials for at least four and five cycles without decrease
in the removal efficiency. The findings of this study suggest
that the developed EFB-UAC adsorbents showed high effi-
ciency using sonication assisted adsorption of MB  and has
great potential for application in the removal of organic pol-
lutants. Future work includes the analysis of the actual cost
and valuation of the life cycle for the entire process could be
studied for possible application in the industry.
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