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Abstract

A series of batch experiments were conducted for refined CPKC (carbonized
sample) and UCPKC (uncarbonized sample) using 10, 30, 50, 70, 100 and 120
mg/L of Ni (1) solution at 30°C, 35°C and 40°C at pH 3 and pH 9. Adsorption
kinetics were investigated by determining the concentration of Ni (I1I) removed
by the adsorbent at precise moments of time of 5, 10, 20, 30, 40, 60, 90 and 120
minutes. Standard kinetic equations were used to model data obtained from the
experiments. For the range of conditions studied, the best improvement in the
rate of adsorption and the adsorption capacity was observed for the carbonized
sample at a temperature of 35°C. The rate constants of PKC were notably higher
in an alkaline solution when the initial pH at the start of mixing was measured
at 9, compared to the acidic solution with an initial pH of 3, across all studied
temperatures. The rate constants of PSO;, PSO,, PSOs;, PSO., PSOs and PSOs
for CPKC ranged from 0.06 — 0.16, 0.14 — 0.44, 0.13 — 0.42, 0.13 — 0.30 and
0.09 — 0.59 g/mg.min™. In nearly all cases, PSO; model showed better
correlation than other kinetic models with R? values ranging from 0.8 to 1.0. The
average increase in adsorption rate constant for CPKC (pH 3), CPKC (pH 9),
UCPKC (pH 3) and UCPKC (9) for 1°C increase in temperature was 0.31, 0.98,
0.51 and 0.43 mg/g.min respectively. The kinetic models were ranked as follows:
[PSO1/>/PFO/>/PSO; . 5/>/PSO¢l.

1.0 INTRODUCTION

Nickel, a naturally occurring white ferromagnetic
metal is largely present in the environment. In natural
water bodies, the metal is present in the form of the
ion, nickel hexahydrate [Ni(H,0)¢°"] [1], [2]. The
best pH for this natural occurrence is 5 — 9 where
complex ligands may be formed. However, acute
exposure to this substance exceeding the normal
concentration limit in water of 80ug/L has been shown
by extensive evidence to have significant impacts on
both human and animal health. The main reported
effects of excessive nickel exposure for humans are
gastrointestinal, neurological, and skin ailments.
Genchi et al [3] argued that nickel (II) exposure
induces mitochondrial damage, DNA hypermethy-
lation, and histone modification which exacerbates
oxidative stress and creates conditions for
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carcinogenesis.

Despite the deleterious effects of nickel, the metal is
vital in metallurgy to produce metal alloys used for
engines, turbine blades, domestic appliances made of
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stainless steel, and electric vehicles. In the crude oil
refining industry, catalysts necessary for chemical
process have nickel additives which makes the metal
indispensable [4]. Considering these benefits
therefore, the challenge for scientist and engineers is
to develop novel remedial methods for heavy nickel
contamination in drinking water to mitigate the
negative health effects on human and animal life. Over
the years, the adsorption process has gained
prominence in the removal of metallic ions from
water. Usually, an attempt is made to alter or improve
targeted physicochemical properties of the adsorbent
such as pH, concentration, temperature and incident
time as well as the sorption process to transform the
surface of the adsorbent and improve the level of
remediation achieved [5], [6]. Several studies have
demonstrated that various forms of organic materials
with favourable surface characteristics can adsorb and
retain large amounts of contaminants. Good
adsorbent-adsorbate results have been reported by
various researchers for copper using Rosa damascene
leaf power [7], highly toxic industrial dyes such as
Acid Yellow, Congo Red, Methylene Blue, cationic
and anionic dyes using activated carbon products from
industrial and biomass wastes with maximum sorption
of up to 769.23 mg/g [8], [9], [10], [11]; non-
biodegradable carcinogenic methylene blue dye using
Pseudomonas Alcaliphila and Rumex Abyssinicus
Plant biosorbents [12], [13] and Potassium
permanganate dye using Foeniculum vulgare seeds
powder [14]. Also, biosorbents made from Zirconia
Nano Fibers, Immobilised Archaeal Cells and
Michelia figo sawdust were recorded to possess active
sites for the extraction of heavy elements such as
Chromium, Cadmium, Copper, and Lead. Regarding
Nickel (I1) specifically, chemically modified peanut
husk powder and Lichen (Parmotrema tinctorum)
Biomass was shown by Burevska [15] and Gratia [16]
to be particularly promising with peanut husk powder
yielding the most desirable result at pH 6.5 and
biosorbent dosage of 2.5g/L. However, batch
experiments suggests that Lichen Biomass is rather
effective at pH 7 with an adsorption capacity recorded
at 33.92 mg/g. Komarabathina [17] reported that
Liagora viscida algae exhibited a maximum Ni (I1)
adsorption of 22.77mg/g at pH of 5.

The success of the process is usually depicted in terms
of adsorption capacity which measures the overall
potential of the adsorbent to adsorb specific
contaminants and the removal efficiency which
estimates the percentage removal of contaminants per
gram of adsorbent under given physico-chemical
conditions. Of equal significance is the formulation of
kinetic models that enable the examination of the
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adsorption rates of contaminants onto the surfaces of
these adsorbents under diverse physico-chemical
conditions. Estimation of kinetic rate constants of a
specific adsorbate-adsorbent complex is also essential
for potential process scale-up. The precise estimation
of the adsorption rate constant holds considerable
significance in shaping the design of adsorption
systems intended for large-scale or industrial
utilization. As noted by Hubbe [18] shortening the
time required to achieve equilibrium adsorption can
lead to a reduction in system residence time,
consequently diminishing the equipment size
necessary for treatment. Consequently, this study aims
to explore the adsorption kinetics of Ni (II) removal
using Palm Kernel Chaff across a spectrum of
physico-chemical conditions.

20 METHODOLOGY

The carbonized and uncarbonized palm kernel chaff
(PKC) utilized in this study were prepared as
described by Nnaji et al. [19]. The adsorption of nickel
from water-based solutions was investigated
employing the completely mixed batch reactor
(CMBR) method. Analytical grade Nickel (II)
Sulphate solution was procured from Zayo-Sigma
Chemicals Limited, Yakubu Gowon Way, Opposite
Nasco, Jos, Plateau State. One hundred milligrams of
the adsorbent sample A which is described as
carbonized Palm Kernel Chaff (CPKC) was added to
100 mL of Nickel (Il) sulfate solution at varying
concentrations of 10, 30, 50, 70, 100, and 120 mg/L.
A constant temperature magnetic stirrer was used to
stir samples at temperatures of 30°C, 35°C and 40°C
and at a measured starting pH of 3 and 9 respectively.
In the same way, 100mg of adsorbent sample B
henceforth assigned the label of uncarbonized Palm
Kernel Chaff (UCPKC) was added to 100ml of the
metal solution at concentrations of 10, 30, 50, 70, 100,
and 120mg/l respectively. A constant temperature
magnetic stirrer was used to stir samples at
temperatures of 30°C, 35°C and 40°C and pH of 3 and
9 respectively. pH was measured using a standard pH
meter. This was adjusted using a 0.5M HCI solution to
achieve pH 3 and a dilute NaOH solution to attain pH
9. The adsorption experiment was replicated across
the identical range of nickel concentrations at both pH
3 and pH 9, and carried out at temperatures of 40°C,
35°C, and 30°C for the Carbonized Palm Kernel Chaff
(CPKC) and uncarbonized Palm Kernel Chaff
(UCPKC).

To acquire further understanding into the
performance, rate, and adsorption mechanism of Ni
(1) onto Carbonized Palm Kernel Chaff (CPKC) and
uncarbonized Palm Kernel Chaff (UCPKC), it is
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necessary to conduct adsorption kinetic studies, as
previously demonstrated by Wang and Guo [20]. The
examination of adsorption kinetics for CPKC and
UCPKC involved sampling from the batch reactors at
defined time periods of 5, 10, 20, 30, 40, 60, 90, and
120 minutes for each batch with a fixed initial Ni (I1)
concentration. Separation of the adsorbent from the
solution was achieved through filtration using
Whitman filter paper (0.45 pm). Subsequently, metal
analysis was performed with an Atomic Absorption
Spectroscopy Machine (Shimadzu, AA 7000) on the
extracted adsorbate.

The batch experimental adsorption data, involving
various initial concentrations and time intervals, were
fitted to distinct kinetic models as described in Table
1. These models were formulated to address one of the
four fundamental and sequential steps involved in the
adsorption of solutes onto sites with reactivity on the
adsorbent's surface. These steps encompass (i) the
transport of the solute within the main liquid solution,
(ii) the propagation of the solute all over the aqueous
solution around the adsorbent particle, (iii) the spread
of the solute through the liquid within the adsorbent's
pores and pore walls (intraparticle diffusion), and (iv)
the adsorption and desorption of the solute onto active
sites on the adsorbent's layers, as established by [21]
in 2013. In a continuously mixed (stirred) system, the
first step is mechanically achieved and is therefore
excluded from the process.

3.0 RESULTS AND DISCUSSION

3.1 Efficiency of Adsorption of Nickel by Palm
Kernel Chaff

With established conditions at pH of 3 and a
temperature reading of 30°C, Carbonized Palm Kernel
Chaff (CPKC) demonstrated increased adsorption
efficiency as the starting concentration of Ni (II)
decreased. The efficiency spanned from 14.1% after 5
minutes for an initial concentration of 10 mg/L to
49.2% after 90 minutes for the same initial
concentration. For other initial concentrations (30, 50,
70, 100, and 120 mg/L), the adsorption efficiency
initially exhibited relatively high performance but was
eventually surpassed by the batch with a 10 mg/L
initial concentration after approximately 25 minutes,
as depicted in Figure 1. Conversely, under the same
conditions, including CPKC and a temperature of
30°C but at a pH of 9, the adsorption efficiencies for
various initial concentrations significantly exceeded
those recorded at pH 3. The efficiency of adsorption
ranged from 78.3% after 5 minutes for a starting
concentration of 120 mg/L to 97.8% after 60 minutes
for an initial concentration of 10 mg/L. Remarkably,
the process proceeded so rapidly that within the first
five minutes, adsorption efficiencies of 92.3%, 91.1%,
88.6%, 83.5%, 81.4%, and 78.3% were recorded for
initial concentrations of 10, 30, 50, 70, 90, 100, and
120 mg/L, respectively. Equilibrium was mostly
achieved between 60 and 90 minutes, with an upper
limit of 120 minutes.

Table 1:  Details of kinetic models used
Model Native Form Integrated/Linearized Form Rate constant Predicted equilibrium Remark
concentration
PFO dq, = k(g — q)? Ln(q, — q.) = —kit + Lng, k,(min~') = —slope q.(mg.g™") Unstable as the
dt 1\qe — q¢ [plot Ln(q, — q,) vst] = exp(intercept) process_a_pp_roaches
equilibrium
IPD q. = f(tY?) g =kVt+1, k,(mg g~'min™")
[plot g, vs V] = slope
PSO. t_ (1> 1 ky(g mg ™" min™") T Stable
a  \qe e k,q -1t 9e(mg.g7) = slope
[plotqivs ] intercept X (q,)2
—_ 1 L
PSO; 1 ¢ 11\1 1 k,(gmg~'min™1) iy Unstable at very small
. (k2q§> tt 9 _ 1 %(mg.97") = intercept values of t
[plotqivs %] slope x (q.)?
_ t
PSO; _ (_ 1 )2 + k,(gmg~tmin™1) q.(mg.g™1) = intercept Stable
qc = kzqe t qe _ 1
dq, ke, )2 [plot g, vs %] slope x q.
a1 S =k —q: —
PSO, dt a4 _ (—k00)de + ka2 k,(gmg~tmin™1) intercent Stable
t . slope qe(mg.g™") = P
[plot % vs q,] = T k,
PSOs 1_ a2 1y K k,(gmg~'min™1) qe(mg.g™") Unstable at very small
t 24e q: 24e _ slope _ _ intercept values of t
[plot% vs qi] (q0)? k,
_ L
PSOs i 1 k,(gmg~'min™") N Unstable as the
(@G—aD kat + % = slope 9.(mg.97) = intercept process approaches
[plot 1 ovs ] equilibrium
(ge=qp)

)
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Additionally, it was observed that the batch with an
initial Ni (1) amount of 10 mg/L initially lagged but
gradually gained an advantage after approximately 25
minutes, ultimately surpassing all other batches after
about 40 minutes of contact time. Under the same
conditions (CPKC, at a temperature of 35°C and pH),
the adsorption performance ranged from 79.6% after
5 minutes for a starting concentration of 120 mg/L to
97% after 90 minutes for an initial concentration of 10
mg/L. Although the batch with a starting
concentration of 10 mg/L exhibited higher adsorption
efficiencies, it could not maintain this lead, unlike the
results at 30°C. After an initial 30-minute advantage,
the batch with an amount of Ni (11) at 30 mg/L made
substantial gains, surpassing it at approximately 75
minutes of contact time.

When CPKC had a temperature of 40°C at a pH of 3,
a similar trend was observed, analogous to other pH 3
conditions. The performance for a starting
concentration of 10 mg/L lagged other batches until
around 25 minutes, after which it began to improve
over some other batches and eventually took the lead
after about 35 minutes. The adsorption efficiency
ranged from 28.7% after 5 minutes for a concentration
amount of 10 mg/L to 66.9% after 90 minutes for the
same initial concentration. Upon closer examination,
an increase in the temperature of the aqueous solution
from 30°C to 40°C resulted in a doubling of the
adsorption efficiency within the first 10 minutes of
contact time for low to medium starting Ni (Il)
concentrations (10-50 mg/L). This indicates that
temperature enhancement facilitates a faster initiation
of the process, thereby diminishing the timeframe
needed to attain equilibrium-stability. To underscore
this effect, 44% of Ni (1) was withdrawn from the
solution at only 5 minutes when conditions were at
40°C, while it took approximately 30 minutes and
over 120 minutes to achieve a similar percentage
removal at 35°C and 30°C, respectively.

The same trend as observed for the carbonized
adsorbent was also observed for the uncarbonized
adsorbent (UCPKC) to varying degrees (Figure 2).
The adsorption rate of Ni (lI) at pH 3 on the non-
carbonized adsorbent was observed to be slower than
that onto the carbonized adsorbent. Specifically, the
efficiency of adsorption of Ni (1) onto uncarbonized
Palm Kernel Chaff (UCPKC) under pH 3 conditions
at 30°C ranged from 3.1% after 5 minutes for a
starting amount of 10 mg/L which is about 5 times
lower than what was recorded for the CPKC to 48.8%
after 90 minutes which is just 0.4% below what was
recorded for CPKC within the same time frame.
Hence, it does appear that the advantage of

@ © 2024 by the author(s). Licensee NIJOTECH.
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carbonization in this case is to enhance the initial
stages of Ni (Il) adsorption onto PKC, but with no
long-term positive effect except for marginal gain in
adsorption efficiency. Nonetheless, the disparity in
performance between the two materials becomes more
pronounced with rising temperatures. At 35°C, the
equilibrium adsorption percentages for UCPKC at pH
3 were measured at 49.9%, 45.6%, 39.2%, 38.1%,
34.2%, and 33.9% for initial concentrations of 10, 30,
50, 70, 100, and 120 mg/L, respectively. In
comparison, the corresponding adsorption efficiencies
for CPKC under the same pH and temperature
conditions were notably higher, at 59.3%, 49.2%,
49.5%, 47.7%, 40%, and 38.4%. This indicates that
carbonization not only accelerates the rate of
adsorption but also elevates the adsorption capacity of
Palm Kernel Chaff (PKC) for Ni (Il) by as much as
10% when operating at a temperature of 35°C.

It is worth noting that while increasing the operating
temperature to 40°C leads to a further improvement in
the rate of adsorption, it does not yield the same
degree of increase in the adsorption capacity of the
carbonized adsorbent over the non-carbonized one.
When pH was set at 3 and temperature at 40°C, the
equilibrium adsorption efficiencies for UCPKC were
observed to be 62.4%, 52.5%, 50.8%, 49.2%, 45.7%,
and 42.6% for initial concentrations of 10, 30, 50, 70,
100, and 120 mg/L, respectively. The corresponding
values for CPKC were 66.9%, 58.2%, 55.6%, 50.2%,
47.4%, and 44.6%. It is evident that the highest
improvement in equilibrium adsorption percentage at
a temperature of 40°C is 5.7%. Upon closer
examination, it becomes obvious that temperature
undertakes a significant role in the uptake of Ni (Il)
onto PKC. For example, a 5°C temperature increase
from 35°C to 40°C results in a percentage range of
equilibrium adsorption efficiency improvement of 6.9
to 13.3 at pH 3 for UCPKC and 6.5 to 9.0 for CPKC.
The same observation also applies to the impact of pH.

Under pH 9 conditions at 30°C, the adsorption
efficiency for UCPKC ranged from 61.8% after 5
minutes for a concentration starting at 120 mg/L to
88.9%, after 90 minutes, for a starting concentration
amount of 10 mg/L. These values were significantly
higher than those recorded at pH 3, which stood at
3.1% and 48.8%, respectively. As further illustrated in
Figure 3, pH takes on a substantial function in the
uptake of Ni (I1) onto PKC. CPKC displayed superior
performance in alkaline solutions (pH 9) compared to
acidic ones (pH 3), with multiplicative factors ranging
from 2.0 to 2.6 at 30°C, 1.6 to 2.2 at 35°C, and 1.5 to
1.9 at 45°C at equilibrium for the entire span of
starting concentrations investigated. For UCPKC, the
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corresponding factors were 1.8 to 2.6, 1.9 to 2.0, and
1.6 to 1.8. These results indicate that PKC, whether
carbonized or not, performs approximately two times
better at pH 9 than at pH 3. The difference in
performance between the two pH conditions is even
more pronounced at the onset of adsorption, where the
efficiency of Ni(ll) removal after 5 minutes at pH 9
exceeded that at pH 3 by a factor of 6.5 for CPKC at
30°C. Figure 3 further illustrates that an increase in
temperature tends to narrow the efficiency gap in the
uptake of Ni (I1) onto PKC by enhancing the process's

CPKC, pH 2, T = 30°C

CPKC, pH 2, T = 25°C

so
S ao /
] 2
30 '/‘// :
20
S 10 20 30 40 €
ime {mins)

—_—

S0
T

CPKC, pH 3, T = 40°C

10 20 30 a0 60 a0 120
Time | )

Figure 1:

To further illustrate the higher efficiency of Ni (II)
adsorption onto PKC at pH 9 compared to pH 3, we
can consider the pH point-zero charges (pHpzc) of the
two materials. The pHpzc values for CPKC and
UCPKC, which indicate the pH where the materials
have a net surface field charge of zero, were
determined to be 4.1 and 4.6, respectively. The figures
clearly suggests that the materials assume a net
positive field charge in an acidic medium and a net
negative field charge when the medium is alkaline in
nature. Given that Ni (1) is a positively charged ion,
it has a greater affinity for the adsorbent that carries a
net negative charge in an aqueous solution, precisely
the scenario when the adsorbents encounter the
adsorbate solution maintained at pH 9. The pHpzc
values also suggest that carbonization further
enhances the adsorption capacity of PKC by reducing
the pHpzc value, thereby creating a stronger affinity

o
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effectiveness at pH 3. This is further supported by the
general decrease in the ratio of the quantity of Ni(ll)
taken off when the pH is at 9 to that when the pH is at
3. Consequently, the most favorable results were
obtained at pH 9 and at 40°C temperature for the entire
range of initial concentrations studied, with
equilibrium adsorption efficiencies ranging from
84.9% for a 120 mg/L starting concentration after 90
minutes of contact time to 99.99% for a starting Ni (11)
amount of 10 mg/L at 60 minutes.

CPKC, pH 9. T = 30°C

Time (mins)
CPKC, pH 9, T = 35°C

B

Time (mins)

oo L\

10 20 30 40 &0 20 120
2]

Efﬁciency of carbonized PKC for Nickel Adsorption

between the solute and the adsorbent. This
electrostatic repulsion at low pH accounts for the
reduced performance of PKC at pH 3. Furthermore,
increase in pH enhances deprotonation of the
functional groups on the surface of the palm kernel
chaff, thereby creating more negatively charged sites
and increasing the performance of the adsorbent at
pH9. This explains why CPKC outperforms UCPKC
in terms of adsorption efficiency under the same
physico-chemical conditions [19]. Additionally,
previous studies have reported higher efficiencies for
the adsorption of Nickel at higher pH values compared
to lower ones. In a comprehensive review of Ni (I1)
adsorption, Islam [22] reported that most of the studies
reviewed, there was no suggestion of adsorption of Ni
(1) at low pH. Furthermore, Nirmala [23], who
investigated the uptake of Ni(ll) onto Andrographis
Paniculata leaves, explained that at low pH, the
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adsorbent surface acquires a net positive field charge,
resulting in electrostatic rejection between the
adsorbate and the adsorbent.

UCPKC, pH 3, T = 30°C

10 20 10 40 60 90 120

10 20 30 40 60 90 120

UCPKC, pH 9, T = 30°C

10 20 !f‘] 40 60 a0 120

10 20 30 40 &0 20 120
Ti

me (mins)

Figure 2: Efﬁciency of uncarbonized PKC for Nickel Adsorption

—8—30°C —@—35°C 40°C

2.8
26
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7 /‘\‘_"/‘\1

Carbonized PKC

N OB D 0NN

o 20 40 60 80 100 120 140
Initial concentration (mg/L)

Ratio of equilibrium sorptionat pH 9 to
pH3

—e—30°C —e—35°C 40°C

28

26
2.4
22
2
; 18

o

16
14 uncarbonized PKC

o 20 40 60 80 100 120 140
Initial concentration (mg/L)

Ratio of equilibrium sorption at pH 9 to

Figure 3:

As observed for CPKC, the uptake of Ni (I1) onto PKC
exhibits a slow start at low initial concentrations (10
mg/L). Consequently, its performance initially lags
batches with higher initial concentrations but quickly
gains momentum and begins to surpass them just after
20 minutes of contact time. By the thirtieth minute, it
had exceeded all the others when the adsorption
performance is considered. However, Figure 2
illustrates that when the adsorption temperature is
raised to 35°C and 40°C, the batch with a starting
concentration of 30 mg/L maintains its superior
performance over that of 10 mg/L until after 60
minutes. Furthermore, the performances of UCPKC at
pH 3 for the various initial concentrations studied are
quite close and even indistinguishable at some points
compared to pH 9, which exhibits very distinct and

N
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Effect of pH on comparative performance of CPKC and UCPKC

distinguishable various initial

concentrations.

plots for the

Nnaji [19] reported that considering the range of
adsorption conditions for the uptake of Nickel (11) by
PKC, the adsorption capacity of the material at high
adsorbate concentrations is best described by the
Langmuir linear type II isotherm (0.96 < R2< 1.0)
compared to the non-linear isotherm. This is because
the Langmuir (I1) isotherm had the highest R? values
and low error margins. It was noted that applying an
ion exchange monolayer coverage, the adsorbent dose
of one gram (1 g) had the potential to completely
remove up to 120.6 mg of Nickel from an aqueous
solution at optimal study conditions at pH 9 and 35°C.
In addition, CPKC with a maximum adsorption

Vol. 43, No. 4, December 2024

hitps://dot.org/10.4814/njt.v4314.20



https://doi.org/10.4314/njt.v43i4.20
http://creativecommons.org/licenses/by-nc-nd/4.0/

801

Nnaji and Agim (2024)

capacity (Qmax) of 65.4 to 120.6 mg/g performed better
than UCPKC with gmax 0f 36.0 to 65.9 mg/g. The value
of the adsorption energy given as 8.21 <E <14.27 and
the isosteric heat of adsorption given as —133.09 <
AHx < —17.92 indicates a mode of adsorption which
is mostly driven by ionic exchange.

3.2 Kinetics of Ni (Il) Adsorption Onto CPKC
And UCPKC

The rate constants obtained from resolving the kinetic
equations varied according to the prevailing physico-
chemical conditions during the batch adsorption
process. In the case of CPKC, when the initial pH was
measured as 3 and the temperature was set at 30°C,
the rate constants estimated using the PFO, IPD and
various forms of PSO kinetic models typically
exhibited an upward trend when the starting
concentration was 10 mg/L which progressively
increased to higher rate constant values when the
starting concentration was increased to 30 mg/L. This
however was not the case for PSOs. Subsequently, the
rate constants experienced a slight decrease until they
began increasing again at starting concentration of 70
mg/L.

The PSOs and intraparticle diffusion (IPD) models
displayed slight differences in behavior. The PSOs
rate constants decreased from 0.3 g/mg-min? at an
initial amount of Ni (I1) at10 mg/L to 0.09 g/mg-min
! at a starting concentration of 50 mg/L, after which
they rapidly increased to 0.59 g/mg-min* at a starting
Ni (1) concentration of 120 mg/L. Conversely, the
IPD kinetic model demonstrated a contrasting pattern,
with rate constants increasing from 0.06 g/mg-min* at
an initial concentration of 10 mg/L to 0.13 g/mg-min
! at a starting concentration of 70 mg/L, before
eventually dropping to 0.07 g/mg-min* at an initial
amount of 120 mg/L. The pseudo-second order kinetic
models generally yielded higher rate constants at pH 9
than at pH 3 across all temperatures. For CPKC at pH
3 and a temperature of 30°C, the rate constants for
PSO1, PSO;, PSOs, PS04 PSOs, and PSOs ranged
from 0.06 to 0.16, 0.14 to 0.44, 0.13 to 0.42, 0.13 to
0.30, and 0.09 to 0.59 g/mg-min* across various
batches with varying starting Ni (I1) concentrations.
The corresponding rate constants at pH 9 were notably
higher, ranging from 0.33 to 2.8, 0.48 to 2.92, 0.47 to
2.92, 0.40 to 2.79, and 0.4 to 2.79 g/mg-mint. For
UCPKC with pH set at 3 and a temperature of 30°C,
the rate constants for PSO1, PSOz, PSO3, PSOs, PSOs,
and PSOgs fell within the range of 0.01 to 0.16, 0.01 to
0.58, 0.07 to 0.51, 0.01 to 0.31, 0.01 to 0.33, and 0.03
to 0.18 g/mg-min, which were generally lower than
the corresponding values at pH 9, ranging from 0.28
to 1.14,0.95t0 1.94, 0.9 t0 1.94, 0.91 to 1.57, 0.55 to
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1.57, and 0.14 to 1.16 g/mg-min”-1. This further
confirms the patterns previously observed in the
adsorption efficiency results discussed earlier,
indicating that a boost in solution pH from 3 to 9
enhances the rate of Ni (II) removal from agueous
solution using PKC.

In nearly all cases, PSO; models outperformed others,
as indicated by the R-squared (R?) values, which
spanned from 0.8 to 1.0, respectively, followed by the
IDP (0.56 < R? < 1.0) and PFO (0.65 < R2 < 0.99) for
CPKC and UCPKC at a temperature of 30°C for both
pH 3 and 9. The lower values of R? were observed in
the UCPKC batch for pH 3. This suggests that the
process of sorption of Ni (IlI) onto PKC is
characterized by both a sluggish pace and lower
efficiency at pH 3. which is not totally amenable to
description using any of the regular kinetic models
used in this study. PSO. PSOs and PSOsare the least
performing of the kinetic models. There are still
pockets of points where these models performed
acceptably but overall, they were largely inconsistent
in generally describing the kinetics of Ni (II)
adsorption onto PKC. This suggests that the PSO; is
superior to other variants of PSO that resulted from
mathematical manipulations of PSO; for the
adsorption of Ni (1) onto PKC and is therefore not
justified. The same trend is also clearly noticeable for
CPKC and UCPKC for both pH 3 and 9 at a
temperature of 35°C with PSO; yielding the highest R?
values (0.91 — 1.0), followed by PFO (0.7 < RZ< 1.0)
and IPD (0.64 < R? < 1.0). PSOgs also gave lower but
still reasonably good R? values (0.63 < R? < 0.99) with
the other kinetic models performing less. The same
trend was also observed at 40°C for both CPKC and
UCPKC with PSO; consistently yielding the highest
R? (0.92 < R%? < 0.99), followed by PFO (0.67 < R? <
0.98) and IPD (0.63 < R?< 9.8).

The PSO; kinetic rate constants generally increased
with increase in temperature but the pattern of
behavior for pH is not consistent enough to be
generalized. There was a general increase in rate of
adsorption from pH 3 to pH 9 for batches investigated
at 30°C and 40°C but the reverse was the case for 35°C
(Figures 4 — 6). The PSO: kinetic rate constants for
35°C ranged from 0.57 — 0.85 g/mg.min-* when the pH
was set at 3 and 0.02 — 0.7 g/mg.min** when the pH
was at 9 for CPKC (Figure 5). In the same manner, the
PSO; rate constant ranged from 0.39 — 1.29 g/mg.min
LatapH of 3 and 0.23 — 0.36 g/mg.mintat a pH of 9
for UCPKC. One can infer from these values that the
rate of uptake of Ni (II) onto PKC occurs at a faster
rate at pH 3 when compared to pH 9 with a
temperature set at 35°C.
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Figure 4:

The kinetic rate constants at 30°C ranged from 0.06 —
0.16 g/mg.min* at pH 3 and 0.33 — 2.80 g/mg.min*at
pH 9 for CPKC; and 0.01 — 0.16 g/mg.min at pH 3
and 0.44 — 1.14 g/mg.mint at pH 9 for UCPKC
(Figure 4). The PSO; rate constant for CPKC at 40°C
ranged from 0.64 — 5.42 g/mg.min* at pH 3 and 0.98
—10.20 g/mg.min* at pH 9. The corresponding rate
coefficient for UCPKC at the same temperature
ranged from 0.67 - 5.13 g/mg.min* and 0.98 — 8.58
g/mg.min. The greatest difference in adsorption rate
between batch processes conducted at pH 3 and that
conducted at pH 9 was observed at lower temperatures
(30°C) with the rate constants obtained at pH 3
exceeding that recorded when the pH was 9. This is
nearly nine times for CPKC and 11 times for UCPKC.
As the temperature increased to 40°C, this disparity in
adsorption rate constants dropped sharply to about two
and five times for CPKC and UCPKC respectively.
This clearly shows that increase in temperature can
compensate for difference in pH during the
adsorption. The average increase in adsorption rate
constant for CPKC (pH 3), CPKC (pH 9), UCPKC
(pH 3) and UCPKC for 1°C increase in temperature
was 0.31, 0.98, 0.51 and 0.43 g/mg.min respectively.
A close examination of the results also suggests that
the rate of uptake of Ni (Il) to PKC is faster for
carbonized than the uncarbonized PKC at 30°C and
40°C. It has been explained before that chemisorption
mechanism cannot be established by the good fit of

-
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PSO. However, the remarkable effect of temperature
on the adsorption process might confirm a
chemisorption mechanism. It has been reported that
chemisorption is at play when the rate constant is
dependent on solute concentration and temperature
[24].

3.3 Comparative Performance of Kinetic
Models by Applying Average Relative Error
(ARE)

Based on the best performing kinetic model (PSO,),
the rate of adsorption of Ni (I1) to PKC can be further
probed into for different physico-chemical conditions.
Though it has earlier been noted that PSO; was the
most appropriate for describing the kinetics of Ni (1)
adsorption onto PKC based on R? values, it is
important to subject the models to further scrutiny to
establish more concretely which models are best
suited to describe the process or not in terms of
adsorption rate. This is because a high coincidental
association between two variables can yield high
values of R? even when the change in one variable
does not sufficiently explain change in the dependent
variable. Besides, [25] affirms that though PSO; has
been generally reported to give very good fits to
experimental adsorption data due to the high R?
values, it should be applied with caution because it
sometimes gives poor estimates of the equilibrium
concentration (ge) and the adsorption rate constant (k).

Vol. 43, No. 4, December 2024

hitps://dot.org/10.4814/njt.v4314.20



https://doi.org/10.4314/njt.v43i4.20
http://creativecommons.org/licenses/by-nc-nd/4.0/

803

Nnaji and Agim (2024)

—0=PF0 =8=IPD —8—P501 —@=PS02 —8— PS03 —8— PS04 =@=PS05 ==P506 —8—FF0 —8=IFD —8—P501—8=P502
060 —8—P503 PS04 —@— PSO5 —8—PS06
050 45,00
: 50 100 .
% 040 CPKC, pH 3, T=35°C % 350 CPKG, pH9, T=35°C

X %
3 £ 3000
£ 030 o 2500
o & 2000
f 020 .‘3 15,00
x c p

0.0 « 1000

5.00
0.00 0.00
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Initial concentration (mg/L) Initial concentration (mg/L)

—8—PF0 —8—IPD —8—PS01 —8—P502 —8—P303 PS04 —@—P505 —8—P306 —4—PF0 —8—IPD —8—P501—8—P502

0.60 ~8— PS03 —8— PS04 == PSO5 —8=PS06
450
050 »
I UCPKC, pH 3, T=35°C _ UCPKC, pH9, T=35°C
B, & 3.50
c 040 %
3 £ 300
£ 030 3 250
= g 200
T 020 u
g T 150
= e
010 g 100
0.50
0.00 0.00
0 20 a0 60 80 100 120 140 0 20 40 60 80 100 120 140
Initial concentration (mg/L) Initial concentration (mg/L)

Figure 5:  Kinetic rate constants of Nickel sorption by carbonized and uncarbonized PKC at 35°C
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Figure 6:  Kinetic rate constants of Nickel sorption by carbonized and uncarbonized PKC at 40°C

Based on average relative error, PFO and PSOs
performed relatively poorly at all temperature and pH.
The average relative error (ARE) for PFO ranged from
0.5-0.94,0.61 - 0.92 and 0.62 — 0.97 at 30°C, 35°C
and 40°C while the corresponding values for PSOs
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ranged from 0.99 — 1.77, 0.75 - 1.42 and 0.73 — 1.24.
Again, PSO; still proved to be a more reliable model
for describing the kinetics of uptake of Ni (1) to PKC.
The ARE of PSO: ranged from 0.0041 — 0.24, 0.0024
—0.048 and 0.0022 — 0.052 at 30°C, 35°C and 40°C.
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Plazinski [21] opined that the PFO and PSO assume
that rate of transfer of solute particles located within
the vicinity of the adsorbent active sites onto the
adsorbent active sites which play a pivotal role, either
dictate the entirety of the process or participate
partially in the process. However, this position cannot
reasonably and convincingly explain why both models
seem to fit a wide range of experimental adsorption
data. It appears however that the high correlation
exhibited by these two models when applied to
adsorption data is due to the structure of the models
which suggests that adsorption rate is proportional to
(ge — q¢) and represents the driving force from the
bulk liquid phase to the adsorption site. In essence,
both PFO and PSO tend to consider the adsorption
process as a single-step process rather than a multi-
stage process. Hence, they tend to aggregate the
differential rates of the various steps into a singular
representative rate constant (ki or kz) thus implying
that the last stage (adsorption-desorption onto active
sites) is the rate-defining step. The structure of the IPD
kinetic model when plotted to the data (I, # 0) suggests
that the adsorption of Ni (II) onto CPKC and UCPKC
is a multiple adsorption system [19], though
intraparticle diffusion tend to dominate in the batch
adsorption experiment conducted at 30°C and low NI
(1) concentrations of 10 mg/L.

From the foregoing, the kinetic models can be grouped
as follows in terms of performance based on ARE:
/PSO1/>/PFO/ >/PS0O2-5/ > [PSO6/. Numerous prior
studies have documented that the pseudo-second-
order kinetic model provided the most favorable fit for
a diverse spectrum of adsorbents and adsorbates,
including fly ash and Congo Red dye [9], Pea peel and
acid yellow dye [8], coconut shell and methylene blue
[26], Rosa Damascene leaves and copper [7], and
walnut and Chromium [27]. It may be noted that PSO
kinetic model was able to fit these experimental
adsorption data though the adsorbent-adsorbate
combination differed widely. Plazinski [21] adduced
that the good performance of PSO kinetic model in
describing most adsorption processes reported in the
literature could be either due to similarity in the
adsorption mechanisms of the adsorbent-adsorbate
system investigated or the flexibility of the
mathematical forms of the model are valid for a wide
range of adsorbent-adsorbate interactions.

40 CONCLUSION

The investigations show the effect of important batch
variables on the efficiency and kinetics of adsorption
of Ni (I) onto Carbonized (CPKC) and uncarbonized
(UCPKC) Palm Kernel Chaff. Adsorption equilibrium
was attained at 60 — 120 minutes for all samples while
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improved adsorption efficiencies were observed at pH
9 compared to pH 3. In addition, rapid adsorption was
noted within the first 5 minutes with efficiencies
ranging from 78.3% at 5 minutes and starting
concentration of 120 mg/L and 97.8% at 60 minutes
for an initial concentration amount of 10 mg/L.
Adsorption efficiency and capacity was improved by
carbonization by up to 10% at an operating
temperature of 35°C. In nearly all cases, PSO1 model
performed better than other kinetic models with R?
values ranging from 0.8 to 1.0. The average increase
in adsorption rate constant for CPKC (pH 3), CPKC
(pH 9), UCPKC (pH 3) and UCPKC for 1°C increase
in temperature was 0.31, 0.98, 0.51 and 0.43
g/mg.min-1 respectively. Based on the average
relative error estimates (ARE), the kinetic models can
be grouped as follows in terms of performance:
/PSO1/ > /PFO/ > /PSO2-5/ > /PSO6/.
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