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Abstract

This paper investigated the characteristics of powdered activated carbon (PAC) and granular activated carbon (GAC) derived
from African Palmae shell and its application in the removal of cadmium(II) ions in aqueous media. The African Palmae
shell is obtained from a widely and easily grown palm tree found in the African tropics. This biomass has not been adequately
studied as a precursor in the production of activated carbon. Palmae shell has been processed into powdered and activated
carbon and tested for its efficiency in removing cadmium(II) (Cd(II)) ions. The characterization includes determination of
proximate analysis, ultimate analysis, point of zero charges, and surface area. The reaction mechanism and kinetics were
predicated on the proton coefficient that was < 1 for both PAC and GAC, some mass transfer rates, and intraparticle diffusion.
The values for these characteristics revealed that protonation was not actively involved in the adsorption process. The reaction
also was not a rate-limiting process. The parametric batch mode studies of contact time (maximizing at 93.2% for PAC and
83.5% for GAC), initial Cd(II) concentration, pH (93% for PAC and 88% for GAC), and dosage of activated carbon indicated
that PAC readily removes Cd(II) than GAC. Both PAC and GAC derived from Palmae shell are, therefore, novel biosorbents.

Keywords Preparation - Characterization - Powdered activated carbon - Granular activated carbon - Cadmium removal -
Palmae biomass

Introduction metals of interest is cadmium (Cd). The presence of cad-

mium above recommended limits of 0.003 mg L~" in the

An aggregation of toxic heavy metals such as cadmium,
above international recommended limits, poses a grave
danger to human health and the ecosystem. The biggest
recipient of these metals is the aquatic environment. These
toxic heavy metals include arsenic, mercury, lead, cadmium
among others. Several sources of toxic heavy metals have
been identified (gapéanin et al. 2019). These sources include
extraction of ores, refining of ores, industrial application
of these toxic heavy metals, urban waste, and agricultural
waste (Sierra-Marquez et al. 2019). One of the toxic heavy
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aquatic environment has generated lots of scientific inter-
est. This interest is predicated on the fact that cadmium is a
carcinogenic element (Shahraki et al. 2018). An assembly
of Cd discharged into the aquatic environment could lead to
contamination of the food chain, and subsequent deposition
of this toxic element in the vital organs of human. Human
liver and kidney become dysfunctional due to the develop-
ment of stalled calcium metabolism, skeleton damage, and
kidney stones (Zhang and Reynolds 2019).

Several treatment techniques have been adopted in the
past for the removal of Cd from aqueous media (Barsbay
et al. 2018). These techniques include the use of filters, use
of oxidizing agents, sediment settling, a distillation of the
affected aqueous system, use of osmosis in reverse order,
use of electrodes in chemical processing, and use of ion
exchangers (Imran et al. 2019). The chemical precipitation
technique and regeneration of adsorbents by electrochemi-
cal method do not achieve an international recommended
limit of the low concentration of toxic heavy metal ions in
aqueous media. In some cases, a large volume of sludge
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is produced and this large volume is difficult to treat. Ion
exchange and membrane filtration techniques are excellent
methods of handling toxic heavy metals in wastewater (Egi-
rani et al. 2019). Some of these techniques are, however,
expensive and undesirable in treating large volume of waste-
water. Some of these techniques also are unable to provide
acceptable outcomes in a large-scale wastewater treatment
process. The adsorption technique, however, has been con-
sidered as one of the best treatment techniques because this
process is simple in design, easy to operate, and environ-
mentally friendly if biosorbents are used (Wang et al. 2019).

In adsorption, molecules of adsorbate are attached from a
solution onto the surface of an adsorbent by forces of attrac-
tion. The adsorption technique, using activated carbon, is
one of the ways to eliminate this problem of Cd in aqueous
system. Activated carbon is a highly carbonaceous, porous,
and adsorptive medium with a complex structure consist-
ing essentially of carbon atoms. Activated carbon is pro-
duced from various types of biomaterials. Some of these
biomasses are cheaper and some are expensive (Thambili-
yagodage et al. 2018). Ordinarily, the cultivation of these
biomaterials adds to the cost of production. There is a need,
therefore, to source for a biomass that is wildly and easily
grown in proximity to a place of use. A low-cost produc-
tion strategy is needed without compromising the efficiency
of some adsorption properties of activated carbon (Sad-
egh et al. 2017). Some properties of activated carbon also
required for efficient performance as biosorbents include the
nature of the activator and the physical properties of the
activated carbon. The chemical activation process involves
the impregnation of the biomass as a precursor with certain
chemicals at a defined ratio. Subsequently, the impregnated
biomass is carbonized at a lower temperature when com-
pared with physical activation. In physical activation, the
biomass is pyrolysed at a higher temperature when compared
with chemical activation (Jankovic et al. 2019). Pyrolysis is
conducted under inert gas flow condition. Subsequently, the
carbonized biomass is subjected to oxidation at a very high
temperature and pressure. The chemical activation process
is preferred over a physical activation because this process is
low temperature and shorter time-dependent (Di Stasi et al.
2019). A higher exposed surface also is provided by this
process when compared with the physical activation process.
The chemical modification process for activated carbon also
provides more adsorption sites for the activated carbon sur-
face (Yin et al. 2018). Some chemicals normally employed
in the activation process include zinc chloride (ZnCl,),
phosphoric acid (H;PO,), sulphuric acid (H,SO,), potas-
sium hydroxide (KOH), and sodium hydroxide (NaOH). The
use of hydroxides, however, provides additional hydroxyl
reactive sites for activated carbon. Thus, the use of KOH
is preferable because KOH as an activator provides a high
surface area and highly microporous characteristics (Yacob
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et al. 2010). The chemical activation process consists of both
direct and char activation techniques. In the direct chemical
activation, the precursor is dried, chemically treated, and
dried in a muffle furnace between 400 and 700 °C. In char-
impregnated chemical activation, a char is impregnated with
an activator and subsequently heated in a muffle furnace
at the required temperature between 400 and 700 °C. The
latter treatment is recognized as a better procedure because
the textural property of the activated carbon is enhanced
(Yang et al. 2019). The choice of powered or granular acti-
vated carbon is dependent on the purposes of production of
the activated carbon. Powdered activated carbon, however,
possesses a higher exposed surface area when compared
with granular activated carbon (Wan Ibrahim et al. 2019).
A research work conducted by Jafari et al. (2016) used nan-
oparticle-based technique as an effective adsorbent for the
removal of cadmium. The production and use of nanoparti-
cle size activated carbon is more expensive when compared
with the production and use of powdered activated carbon
within the micron range.

An understanding of the nature of an activated carbon
(AC) surface is required for effective and accurate interpreta-
tion of the reaction process involving AC and Cd solution.
Some of the surface characteristics of interest include the
net proton charge and the surface area of the AC. Uptake
of Cd ions during adsorption is regulated by the surface
area and surface active sites of an AC. Adsorption tech-
nique depends on several factors. These factors regulate the
adsorption efficiency of a biosorbent (Ghaith et al. 2019). An
understanding of the adsorption process of Cd ions onto an
activated carbon surface is derived from an understanding of
the reaction mechanism and reaction kinetics (Mousavi et al.
2019). Some of the parameters of interest in understand-
ing the reaction mechanism include proton coefficient, mass
transfer rate, and intraparticle diffusion. These parameters
are pH and time-dependent, and a reaction model known
as Freundlich isotherm is used to elucidate the proton coef-
ficient and mass transfer rates. A Weber—Morris model is
used to validate the intraparticle diffusion of Cd(II) ions onto
an activated carbon surface (Abasi et al. 2019). The reac-
tion kinetics also is regulated by contact time, the dosage
of activated carbon, and initial concentration of Cd(II) in
solution. An isotherm model derived by Freundlich is used
to elucidate the reaction kinetics of activated carbon (AC)
interaction with Cd(II) ions in solution (Park et al. 2019).

The study is aimed at using granular activated carbon
(GAC) and powdered activated carbon (PAC) derived from
Palmae shell to remove Cd(II) ions from aqueous media.
This activated carbon from Palmae kernel shells (PKS) has
been selected based on availability, low-cost, and efficient
activator. An activated carbon (AC) derived from Palmae
shell is a low-cost material and is widespread in the African
tropics (Fuadi et al. 2014). The abundance of this palm tree
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provides an opportunity for a new dimension of research in
the field of biotechnology and environmental science (Lotfy
et al. 2012). The objectives include the determination of the
effect of contact time, initial cadmium concentration, and
pH on the removal of Cd(II) ions from aqueous solution.
This study was carried out at the Central Laboratory of the
authors’ University and Hot Laboratory in Egypt in 2018.

Materials and methods
Material preparation

Samples of Palmae shells were collected around local com-
munities in Nigeria. The samples were washed with clean
deionized water and air-dried at a moisture content of 10%.
A pulverizer was used to produce the powdered Palmae
shell. A precursor for the production of PPS (powdered Pal-
mae shells) (i.e. some dried Palmae shells) were crushed
and pulverized into less than 1 mm mesh size fraction. A
mechanical crusher was used to produce the granular acti-
vated carbon. A granular Palmae (GPS) precursor was pre-
pared by crushing some samples of the dried Palmae shells.
The dried African Palmae shells were ground and segregated
to granular mesh size (1-2 mm) fraction. The samples were
sealed in plastic bottles ready for carbonization (Gaya et al.
2015).

Activated carbon preparation

The activation of biomass was necessary because this pro-
cess increased the carbon concentration by 300%. This is
since all the four components (i.e. moisture content, volatile
matter content, ash content, and fixed carbon) are present
after activation. Carbonization was done by pyrolysing Pal-
mae shells to produce a large quantity of charcoal. Carbon-
ized Palmae biomass particles were activated at a moder-
ate temperature of 400 °C for 5 h. The activation process
involved adding a solution of 75 wt% potassium hydroxide
(KOH) to carbon in the ratio of 3:1 (carbon/activator) to
form a paste. The content was heated until complete evapo-
ration was achieved. A muffle furnace was used to conduct
the treatment at a temperature of 400 °C in the atmosphere
of neutral gas (N,). The dried paste of the activated carbon
was rinsed with distilled water at room temperature. The
rinsed AC particles were further dried at 105 °C for 24 h to
ensure complete drying of the particles. A reaffirmation of
the particle size of the charcoal was conducted using a pul-
verizer and sieving to achieve 0.63 mm mesh size fraction of
the powdered activated carbon (PAC). A granular activated
carbon was obtained by using a mechanical crushing, fol-
lowed by the sieving process to affirm a granular mesh of
1.5 mm mesh size fraction. The content was stored in sealed

plastic bottles ready for adsorption experiments (Bani et al.
2018). A set of reactions occurring during the activation
process are provided as follows:

C +2KOH — 2K + H, + CO, €))
C +2KOH - 2K + H,0+ CO )

The formation of mesopores and micropores occurs due
to intercalation of potassium into a network of carbon as
activation progresses (Hui and Zaini 2015).

Characterization of biomass and activated carbon
Proximate analysis

The proximate analysis of AC was used to estimate the dis-
tribution of components of carbonized biomass. This param-
eter is subdivided into four groups, namely moisture content
(i.e. the amount of water present in the sample), volatile
matter (i.e. gases and vapours released by the sample during
the heating process), fixed carbon (i.e. the carbon content of
the sample), and ash (i.e. inert matter present in the sample).
Moisture content was estimated by heating the sample in an
oven at 105 °C for 2 h in a petri dish. The weight of the pre-
heated and post-heated sample was measured and taken as
the moisture content present in the sample. The volatile mat-
ter content was estimated by heating the sample in a muffle
furnace at 925 °C in a closed crucible for 7 min. The weight
of the pre-heated and post-heated sample was measured and
taken as the volatile matter content present in the sample.

The ash content was determined by heating the sample
in a furnace at 725+ 25 °C in an open crucible for 1 h. The
weight of the pre-heated and post-heated sample was meas-
ured and taken as the ash content present in the sample.
Fixed carbon content was estimated by subtracting the % of
moisture content, volatile matter content, and ash content
from 100. The mathematical value represented the fixed car-
bon content present in the sample expressed in percentage
(Budianto et al. 2019).

Ultimate analysis (CHNS)

The ultimate analysis is a method employed in the estima-
tion of carbon, hydrogen, nitrogen, and sulphur in biomass.
This technique is based on a principle derived by Dumas,
which involves complete and immediate oxidation of bio-
mass by flash combustion. Combustion results are expressed
in the composition of carbon, hydrogen, nitrogen, and sul-
phur in percentage. The oxygen composition is calculated by
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subtracting the percentages of carbon, hydrogen, nitrogen,
and sulphur from 100.

The ultimate analysis was carried out in a CHNS analyser
obtained from LabX, Ontario, Canada. A sample of biomass
was fed into the analyser along with excess oxygen. The
reaction of oxygen with other carbon, hydrogen, nitrogen,
and sulphur present in the biomass releases carbon dioxide,
water, nitrogen dioxide, and sulphur dioxide, respectively.
These products of combustion were separated using a chro-
matographic column and subsequently detected by a thermal
conductivity detector (TCD). This TCD provides an output
signal that was proportional to the concentration of the com-
ponents of the biomass (Zheng et al. 2019).

Analysis of point of zero charges of activated carbon

All chemicals and materials used for analyses were obtained
from BDH (England) and Loba Chemie (India) and were
of analytical grade purity. Charges exist at an AC surface.
These charges are pH-dependent, and the pH at which an
AC surface has a zero value is considered as a point of zero
charges (pH,,,). At this pH value, there is a charge boundary
between positive charge surface sites and negative charge
surface sites. The intrinsic surface acidity constants of AC
were determined by fast potentiometric titration. 1 g of AC
was added to 100 ml solution containing 0.001 M, 0.01 M,
and 0.1 M of NaCl. The content was gyrated for 24 h at low
speed. These samples were titrated directly with a 0.1 M
NaOH. Subsequently, the pH values were read after the addi-
tion of the titrant. Three blanks samples containing 0.001 M,
0.01 M, and 0.1 M of NaCl were prepared and treated in the
same manner as the preceding. The net titration curve for
each ionic strength was obtained by plotting the net surface
charge against the suspension pH. The curves obtained from
the net titrations converge at a point that is considered as
pHzpc.

Analysis of surface area of activated carbon

The specific surface area of PAC and GAC was determined
by physical adsorption of nitrogen gas on the surface of
the AC. The amount of nitrogen gas adsorbed equivalent
to a monomolecular layer on the surface was calculated. A
surface area analysis was carried out using Micromeritics
(ASAP 2020) sorption analyser from LabX, Ontario, Can-
ada. The AC was degassed at 300 °C, followed by nitrogen
adsorption that was conducted at liquid nitrogen temperature
of 77 K (—196.15 °C) (Stoeckli and Centeno 2005).

Adsorption experiments

The batch equilibrium experiments were conducted by
adding 2 g carbon samples to 50 ml Cd(II) solution. The
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mixtures were gyrated for 24 h to realize adsorption equi-
librium. Subsequently, the AC was filtered using 0.45-pm
membrane filters. The remaining Cd(II) concentration in
solution was measured by an ICP-OES analyser (CAP6300,
Thermo, USA). The adsorption capacity of the AC Qe
(mg g~!) was calculated using Eq. (4):

0, =[Co=CV/y 4)

where C,, and C, are the initial concentration and equilib-
rium concentration of the Cd(II) ions (mg LY, respectively,
V is the volume of the solution (L), and m is the mass of AC
used (g).

Cd(II) concentration between the range of 10 and
40 mg L~! at 4 <pH <8 was equilibrated for 24 h and
charged with AC at concentrations of 2—10 g L™!. These
concentrations and dosage were used to determine the
impact of pH, dosage of AC, and initial Cd(II) concentra-
tion on the adsorption of Cd(Il) ions. A mixture containing
2 g of AC charged with 10 mg L™! of Cd(II) ions was made
up to 50 mL. This mixture treated from 2- to 24-h period
was used to determine the impact of contact time on the
adsorption of Cd(II) ions by AC. Herein, this experimental
set was used to deduce the mass transfer rates of the reacting
system. All experiments were carried out in triplicates (i.e.
to eliminate errors) at ambient temperature. A 2 g of AC was
charged with 10 mg L=' Cd(II) solution. Subsequently, this
suspension was made up to 50 mL at 4 <pH <8. This mix-
ture was used to determine the proton coefficient. The reac-
tion mechanism was validated from the values of the proton
coefficient or the proton exchange isotherm. This isotherm
was deduced from the plot of the change in pH versus 1g K
as provided in Egs. (5)—(6):

aSOH < SO~ + aH* 5)

lg Ky < 1g(K,{SOH}") + apH, (6)

where SOH represents an AC surface reactive site, SO~ is
the surface-bound Cd(I), Ig K, is the apparent equilibrium
binding constant, and « is the coefficient of protonation,
which represents the number of protons displaced when one
mole of Cd(II) binds to the AC surface (Joseph et al. 2019).

The reaction kinetics involving AC charged with Cd(II)
ions was deduced from the mass transfer constant K;. Herein,
C,/C, versus time provided the slopes of the curves derived
from Eq. (7) Egirani et al. (2019):

(%))

=~ —K:S,,
- S, )

=0
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where C, and C, represent the Cd(II) initial concentra-
tion and concentration at time ¢, S is the exposed surface
area of an AC, and K; is the coefficient of mass transfer.
These models as derived from the Freundlich isotherm have
been reviewed previously (Mohan and Chander 2001) and
adopted to describe the adsorption of Cd(II) ions.

Also, the mass transfer rate and intraparticle diffusion
were derived from Egs. (8)—(9):

0, =[Cy— CAV/ 8)

where C,, is the initial Cd(II)concentration (mg L") at time
t=0; C, is the concentration (mg L_l) at time ¢; V is the
total suspension volume, and m is the mass of the AC (g)
(Ojemaye et al. 2017).

An intraparticle diffusion model by Weber—Morris was
also used to describe the reaction mechanism as provided in
Eq. (8) (Dong 2012):

0, = Kps + C, 9)

where K; is the intraparticle diffusion constant
(mg g~! min~!) and the intercept (C) represents the effect
of the layer boundary. The value of K; is derived from the
slope (K;) of the plots of Q, vs. 1>, A linear plot of Q, ver-
sus 7% indicates that intraparticle diffusion was involved in
the process of adsorption (Li et al. 2016). For validation of
an intraparticle diffusion, a 10 mg L~! Cd(II) solution was
charged with 2 g of AC made up to 50 mL at 4 <pH <8.
This mixture was treated for 2, 4, 6, 8, 12, 18, and 24 h.
Cd(II) ions remaining in solution were determined using
the ICP-OES.

In all experiments, the adsorption efficiency of AC was
calculated from Eq. (10):

. . CO B Ce
Adsorption efficiency (%):T x 100, (10)
0

where C, and C, (mg L") are the initial and equilibrium
Cd(I) concentrations in solution, respectively (Zbair et al.

2019). In addition to the Freundlich and its derivatives used
in this study, the Langmuir adsorption isotherm has been

Table 1 Proximate analysis of powdered Palmae shell (PPS) and
granular Palmae shell (GPS)

Composition Powdered Palmae Granular
shells (PPS) Palmae shells
(GPS)

Components wt% wt%
Moisture content 9.6 9.8

Volatile matter content 51.2 51.6

Ash content 15 14

Fixed carbon content 24.20 25.6

used to describe the adsorption kinetics. A linear regres-
sion is as follows: (y=A+ B-x). The Langmuir equation is
represented as follows:

C
o= an
where C, is the equilibrium concentration of cadmium
(mg L7 in solution, g, is the adsorption capacity of the
activated carbon at equilibrium (mg g™!), ¢, is the maximum
adsorption capacity of the activated carbon (mg g~!), and b
(L mg™") is a constant linked to the energy of adsorption. A
plot of Ce/ g, Versus C. gives a slope of qi and an intercept
1

m

b’

— .y = C (A= _1 p_ 1

y=A+Bxx;y= e/qe,x_ C A = qm*b,B =
If the adsorption process falls in line with the Langmuir
model, then the plot provides a straight line and the values

of ¢,, and b (L mg™") are evaluated from the plot.

Results and discussion
Characterization

An experimental record of proximate analysis of Palmae
shell provides a distribution of its contents (Tables 1, 2, 3).
The volatile matter available in Palmae shell forms a com-
ponent of its contents. The moisture content present in a
Palmae shell is water vapour when the temperature of the
Palmae shell is raised. About 60.8% of a Palmae shell con-
tent escape from the sample following a heating process.

Table 2 Proximate and ultimate
analysis of powdered Palmae
shells (PPS) and granular
Palmae shells (GPS)

Composition PPS GPS

Components wt% wt%
Carbon (%) 4723 4754
Hydrogen (%) 6.88 6.47
Nitrogen (%) 0.77 1.03
Sulphur (%) 25 0.62

Oxygen (%) 4486 44.33
Table 3 Proximate and ultimate Composition PAC GAC
analysis of powdered activated
carbon (PAC) and granular Components wt% wt%
Palmae activated carbon (GAC) Carbon (%) 7500 7526

Hydrogen (%) 1.88 2.08
Nitrogen (%) .54 .64
Sulphur (%) 0.10 0.21

Oxygen (%) 2248 21.81

]
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A dramatic increase in the carbon concentration is
observed on activation of the carbonized Palmae shell. This
characteristic is predicated on the fact that fixed carbon is an
essential component besides the volatile matter, ash content,
and moisture content. This characteristic explains the dra-
matic fall in hydrogen content. Nitrogen found in the analy-
sis is not a natural component of Palmae shell. Rather, this
content has been introduced during the biomass pyrolysis
process (i.e. during carbonization process) which is carried
out under nitrogen flow condition. Nitrogen gas which is
utilized during the activation process is fixed on the sample
surface. A high amount of oxygen in Palmae shell is used

—&— 0.001 NaCl
—e— 0.01 NaCl
—4— 0.1 NaCl

0.02

0.00

-0.02

Net surface charge (mmol/g)

-0.04

-0.06

50 55 60 65 70 75 80 85 90
Suspension pH

Fig. 1 Plot of net surface charge versus suspension pH of activated
carbon for determination of the point of zero charges

Fig.2 SEM micrographs of a
Palmae shell carbon, b Palmae
shell activated carbon, ¢ Palmae
shell activated carbon treated
with cadmium ions

* @ Springer

up during the activation process; thus, it is lost during the
pyrolysis process.

The pH,,, of activated carbon derived from potentio-
metric titration for both PAC and GAC was 7.01 (Fig. 1).
This pH,,, determined the positive and negative ions on the
planar surface of a mineral. The specific surface area of the
adsorbent controls the quantity of exposed mineral surface
available for reaction. The surface area of PAC and GAC
was calculated using the Brunauer—Emmett-Teller (BET)
method. The specific surface areas per g of PAC and GAC
were 2920 m” g~! and 2850 m? g7!, respectively (Fig. 2).

The proton coefficient () was predicated on Eqs. (1) and
(2), and these equations gave rise to a plot (Fig. 3), and some
linear fit values (Table 4). The values of o for PAC and GAC
derived from the slope were 0.28 and 0.20, respectively. This
lg K;—pH plot revealed a maximum distribution coefficient
(Ky) of 2.90 and 2.13 L g™, respectively. Some mass transfer
constants predicated on Eq. (7) and derived from a plot of
C/C, versus contact time are provided in Fig. 4 and Table 5.
Some intraparticle diffusion constant was predicated on
Egs. (8) and (9) and gave rise to a plot (Fig. 5). Some slope
values of these plots are provided in Table 6. This plot con-
sists of two distinct regions, consisting of an external mass
transfer and an intraparticle diffusion, respectively.

The Langmuir isotherm parameters are provided
(Tables 7, 8). The Langmuir constants for PAC are higher
than those of the GAC, and the maximum adsorption is
equally slightly higher for the PAC compared to the GAC.

Effect of contact time on Cd(lI) removal

A plot of Cd(II) removal versus contact time that was predi-
cated on Eq. (10) provided in Fig. 6 revealed two salient
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—a— PAC
3.0 —e—GAC
o 25
=
©
4
ko)
2.0
5.4 5.6 5.8 6.0 6.2 6.4

Final pH

Fig.3 Plot of 1g K, versus final pH for proton coefficient

Table 4 Linear fit parameters derived from Fig. 3

Equation y=a+b*x Value SE
PAC
lgky (L g™ Intercept 0.87 3.3476
Slope 0.28 5.4877
GAC
lgKy (Lg™h Intercept 0.84 25676
Slope 0.20 42477
0.40
—=— GAC
0.35 * PAC
0.30
- 0.25
Q
S
0.20
0.15
0.10
0.05
0 5 10 15 20 25

Contact Time (Hour)

Fig.4 C/C, for cadmium adsorbed by PAC and GAC

parts for both PAC and GAC. These two parts represented
the increase in adsorption as contact time was increased and
steady-state adsorption for the rest of the contact period. The
first part ranged from 2nd h to a 12th h. Adsorption of Cd(II)
ions began to plateau at 93.2% and 83.5% at the 18th h for PAC
and GAC, respectively.

Effect of initial Cd(ll) concentration on Cd(ll)
removal

A plot of Cd(IT) removal versus Cd(II) concentration in Fig. 7
revealed another two salient parts for both PAC and GAC.
Cd(II) removal by both PAC and GAC decreased as Cd(II)
concentration was increased. This linear trend continued from
10 mg L' to 15 mg L' Subsequently, adsorption character-
ized by another phase of adsorption efficiency over the remain-
ing range of Cd(II) concentration (2040 mg L™!) emerged.
Some adsorption efficiencies of 96% and 95.85% were
recorded at 10 mg L™! for both PAC and GAC, respectively.

Effect of pH on Cd(Il) removal

Several researchers believe that the pH stands out as the most
important parameter regulating the adsorption process (Shen
et al. 2019). An increase in pH above the point of zero charges
(i.e. pH=7.01) leads to a steady-state Cd(II) removal. Some
maximum adsorption efficiencies of 93% and 88% were
recorded at pH =8 for both PAC and GAC, respectively.

Effect of dosage of activated carbon on cadmium
removal

A plot of dosage of activated carbon versus per cent removal
is provided in Fig. 8. For PAC, there was an initial linear
increase in Cd(II) removal as the dosage of activated car-
bon was increased to 4 g. Subsequently, there was a steady
nonlinear increase as the dosage of activated carbon was
increased from 6 to 10 g. In the case of GAC, there was a
linear increase in the removal of the Cd(II) ions as the dos-
age of activated carbon was increased from 4 g to 6 g. Subse-
quently, a steady-state Cd(II) removal emerged as activated
carbon was increased. An optimum dose of activated carbon
for maximum removal of the Cd(II) ions at 93% using 10 g
per 50 mL of PAC, and 84.50% using 4 g per 50 mL of GAC
was observed, respectively.

Discussion
Adsorption and reaction mechanism

A discussion on the reaction mechanisms is predicated
on the characterization of the activated carbon. These

* @ Springer
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Table 5 Analysis of mass Activated Slope 1 (h™1) Slope IT (h™1) Exposed surface Ky (cm?h™!) K (em?h™h
tr:ansfer constant derived from carbon type area ( sz)
Fig. 4
PAC 8.49x 1072 1.30x 1072 292,000 2.91x1077 4.45%1078
GAC 9.13x 1072 1.53x1072 285,000 6.67x1078 536x1078
= GAC Table 8 Langmuir parameters for cadmium adsorbed by granular
10.00 e PAC activated carbon
pH  x y R bLmg™)  g,mgg™
9.98 4 138 0.138 99 250.87 9.96
S 5 1.35 0.135 .99 250.85 9.96
E-: 9.96 6 1.30 0.130 .99 25 9.96
= 7 1.26 0.126 .99 250.79 9.96
2 994 8 118 0118 .99 25074 9.97
§ 9 1.18 0.118 .99 250.74 9.97
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Table 6 Linear fit analysis derived from Fig. 4 for PAC and GAC S Granular Activated
20 Carbon
Equation y=a+b*x Value SE
0

Powdered activated carbon

Adsorption capacity (¢,,) (mg g™!)  Intercept 9.87 8.09n7
Slope 257773 32188

Granular activated carbon

Adsorption capacity (g,,) (mg g~')  Intercept 9.88 9.20n7
Slope 293773 36508

Table7 Langmuir parameters for cadmium adsorbed by powdered
activated carbon

pH  x y R b(Lmg™")  g,(mgg™
4 088 009 099  668.14 9.98
5 082 008 099  668.03 9.98
6 075 008 099  667.92 9.98
7 071 007 099  667.85 9.98
8 068 007 099  667.80 9.98
9 069 007 099  667.82 9.98
10 070 007 099  667.83 9.98
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Fig.6 Cadmium removal (%) versus contact time (hour) for pow-
dered activated carbon (PAC) and granular activated carbon (GAC)
(2 g adsorbent, pH=35, 10 mg L' Cd(I) ions)

characteristics include proton coefficient, intraparticle diffu-
sion, and some mass transfer rates (Ghannad and Lotfollahi
2018). Herein, the proton coefficient generated by charging
Cd(II) solution with activated carbon provided values that
were less than one for both PAC and GAC. These values
suggested that the reaction for Cd(II) removal was not essen-
tially controlled by protonation. The reaction with a proton
coefficient greater than one implies a significant contribution
of protonation in the reaction system.

The intraparticle diffusion values were slope =2.57472
(mg g~ min~%3) and an intercept C=9.87, #0, for PAC and
slope =2.932% and C=9.88 #0 for GAC. This plot con-
sists of two distinct regions made up of mass transfer and
an intraparticle diffusion processes. These values indicated
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Fig.7 Cadmium(II) removal (%) versus cadmium concentration
(mg LY for powdered activated carbon (PAC) and granular activated
carbon (GAC) (2 g adsorbent, pH=5)
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Fig.8 Cadmium removal (%) versus dose of powdered activated
carbon (PAC) and granular activated carbon (GAC) (pH=5, 10 mg/
cadmium(II) ions)

that the diffusion reaction was not a rate-limiting process and
boundary layer control was involved.

Adsorption and reaction kinetics

Removal of the Cd(II) ions by activated carbon is predi-

cated on contact time. These characteristics are derived
from the plot of adsorption efficiency versus contact time

(Fig. 6). The assessment was conducted from 2 to 24 h at
ambient temperature and an initial Cd(I) concentration of
10 mg L~! at 4 <pH < 10. Herein, the adsorption efficiency
at pH 5 below the pH,, is discussed. An increase in contact
time led to an increase in adsorption efficiency. This reaction
plateaued at the 12th h and became a steady-state reaction
when contact time was increased.

Precipitation of heavy metal ions at this steady-state
period of reaction has been suggested during adsorption
(Rafatullah et al. 2011). At the onset of reaction, there were
available reactive sites for Cd(II) ions to be lodged. As the
reaction progresses, available reactive sites became gradu-
ally reduced and limited, thus providing a systematic satura-
tion of these sites. Some earlier studies confirmed this trend
of Cd(II) adsorption (Gour et al. 2018; Jain et al. 2018).
Higher adsorption efficiency of PAC over GAC may be pred-
icated on the higher exposed surface area of the former, thus
providing more reactive sites.

In this study, the adsorption results fit into the extended
Freundlich isotherm and the Langmuir isotherm derived
from Eq. (11). The values of the Langmuir constant are pro-
vided in Tables 7, 8, and Fig. 9.

Adsorption process and initial Cd(ll) concentration

An investigation of different initial Cd(II) concentrations is
necessary because natural aqueous systems contaminated
with Cd(II) ions provide a different range of concentrations.
A decrease in the percentage of Cd(II) ions adsorbed is
observed as the initial concentration of Cd(II) ion in solu-
tion is increased (Fig. 7) for both PAC and GAC. Surface
and available reactive sites are comparatively higher for PAC
than GAC. These characteristics are higher even when com-
pared to some Cd(II) ions; thus, Cd(II) ions are retained on
activated carbon at a low initial concentration of Cd(II) ions.
Some Cd(II) ions are also readily adsorbed under this condi-
tion. A total sum of reactive sites is smaller than a sum of

0.16

=0.10039+0.00015x (PAC)
y=0.00638+0.0004 (GAC)
0.12 R?=0.99995
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Fig.9 Plot of C,/g, versus C, for Langmuir isotherm
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Fig. 10 Cadmium removal (%) versus pH for powdered activated
carbon (PAC) and granular activated carbon (GAC) (2 g adsorbent,
10 mg L~! cadmium(II) ions)

Cd(I) ions as the initial Cd(IT) concentration is increased,
subsequently decreasing the percentage of Cd(II) removal.

Adsorption process and pH

Herein, the pH of this mixture initiates the binding of Cd(II)
ions to the surface functional group of activated carbon
(Fig. 10). An increase in pH values gives rise to deprotona-
tion of the reactive activated carbon surface, thus providing
a negative charge (Burakov et al. 2018). An electrostatic
attraction of a positively charged Cd(II) and negatively
charged activated carbon surface in addition to hydrolysis
provides a bonding. As the pH is increased to around pHzpc,
a reduction in protonation and an improvement of hydroxyla-
tion are effected, thus promoting Cd(II) adsorption. These
attributes lead to intraparticle diffusion and increased reor-
ganization of the active sites of the activated carbon, thus
increasing the amount of Cd(II) ions adsorbed onto activated
carbon (Banerjee and Chattopadhyaya 2017). The lowering
of pH gives rise to a lower percentage of adsorption. This
characteristic is attributed to a competition between H;O*
and Cd(II) ions due to protonation of the activated carbon
surface (Zheng et al. 2017).

Adsorption and dosage of activated carbon

The characteristic of doses of activated carbon charged by
Cd(I) ions is represented in Fig. 8. An increase in the dose

]
* @ Springer

of activated carbon from 2 to 4 g provides a linear increase
in adsorption of Cd(II) ions due to an increase in available
reactive sites and surface area of activated carbon. Subse-
quently, coagulation of particles of the activated carbon sites
emerged, thus providing a limited surface area and a limited
reactive site. This phenomenon provides a steady state in the
percentage of Cd(Il) ions adsorbed. This characteristic is
supported by a constant and steady-state configuration of a
graphical plot provided in Fig. 8. The steady state of adsorp-
tion as a dosage of activated carbon is increased beyond 4 g
which may be accounted for by the control of mass transfer
rates by a concentration gradient.

Conclusion

PAC and GAC were successfully prepared as novel biosor-
bents. The physical and chemical characteristics of the acti-
vated carbon were characterized using standard laboratory
procedures. A batch mode adsorption system was used to
test the adsorption of Cd(IT) by PAC and GAC. The mecha-
nism of the reaction characteristics involved in adsorption
of Cd(II) ions is predicated on the activities of a proton coef-
ficient that was less than one, mass transfer rates that indi-
cated a two-reaction process, and an intraparticle diffusion
that was controlled by the boundary layer.

The adsorption efficiency recorded an initial increase,
followed by a steady-state characteristic for all parametric
plots but initial Cd(II) concentration. These characteristics
suggest that the active and reactive sites at activated carbon
surface become gradually saturated as the adsorption process
progresses. A pattern of adsorption essentially regulated by
hydrolysis increased the reorganization of reactive sites, and
reactive support of activated carbon surface has emerged.
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