https://doi.org/10.3311/PPch.22867 | 239
Creative Commons Attribution ®

Periodica Polytechnica Chemical Engineering, 68(2), pp. 239-252, 2024

Biosorption of Cu(ll) lons by Water Hyacinth Leaf Powder:
Process Performance, Kinetics, and Biosorption Isotherm

Ratnawati Ratnawati', Aji Prasetyaningrum’, Hargono Hargono'!, Muhammad Fahmi Zakaria'

' Department of Chemical Engineering, Faculty of Engineering, Universitas Diponegoro, JI. Prof. Soedarto, Kampus Undip
Tembalang, Semarang 50275, Indonesia
* Corresponding author, e-mail: ratnawati@che.undip.ac.id

Received: 24 June 2023, Accepted: 22 September 2023, Published online: 14 March 2024

Abstract

The water hyacinth leaf powder (WH) was used to adsorb Cu(ll) from wastewater. The WH was modified through sulfuric acid (A-WH)
and sodium hydroxide (B-WH) treatments. The biosorption was studied with various initial pH, initial Cu(ll) concentrations, and biosorp-
tion time. The results show that the biosorption capacities of the biosorbents increase with the initial Cu(ll) concentration. The optimum
pH for the biosorption was 7.5, 7.0, and 7.5 for the WH, A-WH, and B-WH, respectively. The SEM images of the raw and treated WH
revealed that alkali treatment could remove lignin more than the acid treatment, leaving more macropores in the B-WH than in the A-WH.
The acid and alkali treatments to the WH leaf increase the biosorption capacity of the WH for Cu (ll). The pseudo-second-order kinetic
model can represent the dynamic behavior of the biosorption better than the pseudo-first-order model. The Langmuir model is better

than the Freundlich model for describing the biosorption isotherm. The maximum biosorption capacities of the biosorbents predicted

by the Langmuir model were 14.92 mg g™, 18.32 mg g™, and 23.27 mg g' for WH, A-WH, and B-WH, respectively.
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1 Introduction

Water pollution caused by heavy metal waste from indus-
trial activities is a global problem. Copper (Cu(Il)) is
one of the toxic contaminants in several industries, such
as metal and electroplating, textile, leather, and mining
industries [1-4]. Cu(Il) is needed for human physiology
in trace amounts, but it is harmful at a slightly higher
concentration [5]. The World Health Organization stated
that the maximum content of Cu(Il) in drinking water is
2.0 mg L' [1]. Therefore, removing Cu(II) from wastewa-
ter is essential to reduce harmful effects.

The reduction of metal in wastewater has been the subject
of numerous research using various techniques, including
ion exchange, cementation, electrochemical approaches,
photocatalysis, membrane filtering, and adsorption [6—12].
Among all methods, adsorption is simple with a low initial
cost [1]. It is a potential method to remove heavy metals
from wastewater, especially at low concentrations [13].

Various types of adsorbent, such as zeolite, activated
carbon, nanosized hydroxyapatite, and nanocomposite,
have been utilized to remove Cu(Il) ions from aqueous
solution [12, 14-16]. However, plant-based adsorbent,

or biosorbent, attracted much attention due to its abun-
dant availability, low cost, flexibility toward different
contaminants, recyclability, and minimum sludge forma-
tion [17]. One of the advantages of the biosorbent is that it
has a hydroxyl or carboxyl functional group, which has an
affinity toward heavy metal ions [18].

Water hyacinth (Eichornia crassipes) has been used as
a biosorbent for heavy metal removal [19-25]. Roots and
stems are parts of water hyacinth widely used as a biosor-
bent [19-22]. Only a few studies reported the utilization of
water hyacinth leaf as a biosorbent [23-25].

Water hyacinth, considered a weed, thrives in Rawa
Pening Lake in Central Java, Indonesia. The villagers
around the lake utilize dried water hyacinth stems for
craft goods, such as furniture, handbags, and sandals.
However, the leaves get little attention, most of which
are composted. Therefore, it is necessary to explore the
usage of water hyacinth leaves, one of which is a biosor-
bent for heavy metal removal from wastewater. Therefore,
this work aimed to investigate the performance of water
hyacinth leaf powder in adsorbing Cu(II) from an aqueous
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solution. The raw, along with the acid- and alkali-treated
water hyacinth leaf powder, was utilized in this work.
The effect of pretreatment of the water hyacinth leaf pow-
der, pH, and the initial Cu(II) concentration on the metal
removal was investigated. The Langmuir and Freundlich
models were utilized to correlate and predict the adsorp-
tion isotherms. The kinetics and mechanism of the adsorp-
tion were investigated as well.

2 Materials and method

2.1 Materials

The materials used in this study were water hyacinth
leaves, CuNO,2H,0, HCI, and NaOH. All the analyti-
cal grade chemicals were purchased from Merck (Sigma-
Aldrich, Indonesia). The water hyacinth leaves were
obtained from Rawa Pening Lake, Central Java, Indonesia.
The water hyacinth leaves were washed, cut to + 0.5 cm,
air-dried, ground, and sieved to pass a 60-mesh sieve to
obtain water hyacinth leaf powder (denoted as WH).

2.2 Delignification of WH

The WH was treated with acid and alkali using the method
developed by Singh and Bishnoi with minor modifica-
tions [26]. The acid-treated WH (denoted as A-WH) was
prepared by soaking the WH in a 2% (w/v) sulfuric acid
solution to form a 10% (w/v) mixture. The mixture was
heated in an autoclave at 100 °C for 40 minutes. The mix-
ture was filtered using a Whatman 40 filter paper, and
the residue was washed until it was neutral. The residue
was dried in an oven at 75 = 5 °C for 48 hours. The alka-
li-treated WH (denoted as B-WH) was prepared using the
same method as the A-WH, except that the solution used
was a 2% (w/v) sodium hydroxide solution. The prepared
WH, A-WH, and B-WH biosorbents were stored in respec-
tive air-tight containers for the following experiments.

2.3 Characterization of WH biosorbents

Cellulose, hemicellulose, and lignin contents were deter-
mined using Chesson-Datta method [27]. The bisorbent's
morphological features were obtained using the scanning
electron microscope of model JSM-6360LV (JEOL Ltd.,
Tokyo, Japan). The morphological images of the samples
were photographed at a magnification of 1000%. The exis-
tence of functional groups in WH, A-WH, and B-WH was
analyzed using an FT-IR apparatus (Perkin Elmer PC 1600,
Houston, TX, USA). The analysis was done by adding and
mixing KBr salt with a ratio of 1:10. The samples were put
in FT-IR cells. Then their characteristics were measured for
the functional group within 4000-250 cm™' of wavenumber.

2.4 Biosorption experiments

2.4.1 Experiments to determine the effect of pH

The dried WH, A-WH, and B-WH powder were soaked
in deionized water for 6 h before it was used for biosorp-
tion experiments. In each run, 0.1 g of powder was used
in 100 mL of Cu(Il) solution with an initial concentration
of 50 mg L™! and initial pH of 5.0-8.0. The mixture was
stirred at a speed of 200 rpm and a temparature of 28 + 1 °C
for 120 minutes. Then the mixture was filtered through
a Whatman 40 filter paper to separate the biosorbent from
the solution. Next, the solution was analyzed for Cu(I) con-
centration determination. The analysis was performed in
triplicate. The following experiments used the optimum pH
to investigate the biosorption isotherm and kinetics.

A preliminary experiment showed that the concentra-
tion of the solution was constant after the biosorption was
conducted for 120 minutes. It means that the equilibrium
was attained at 120 minutes. The biosorption capacity (q,),
defined as the amount of metal uptake at equilibrium per
unit mass of biosorbent, and the removal efficiency are cal-
culated using Egs. (1) and (2), respectively [28]:

C,-C)V
g, = (0—) 1)
m
Removal efficiency = G-C x100% . )

m

The initial pH resulting in the highest ¢, value is consid-
ered the optimum pH. It was used in the following experi-
ments to investigate the biosorption isotherm and kinetics.

2.4.2 Experiment for biosorption kinetics
The experiment used WH, A-WH, and B-WH as the bio-
sorbents, each with the optimum initial pH obtained in
the previous experiment. The procedure was the same
as in the experiment for determining the effect of pH
(Section 2.4.1), except that the biosorbent used was 50 mg,
and the biosorption time was varied (15, 30, 45, 60, 75, 90,
105, 120 minutes).

The mass of Cu(Il) adsorbed per unit mass of biosor-
bent (¢,) at any time was calculated using Eq. (3) [28]:

q,= (Co _mCI)V' (3)

2.4.3 Experiments for biosorption isotherm

The experiment used three biosorbents, each with the
optimum initial pH obtained in the previous experiment.
The procedure was the same as in the experiment for



determining the effect of pH (Section 2.4.1), except that
the biosorbent used was 50 mg, and the initial concentra-
tion of Cu(II) in the solution was varied (10-200 mg L™).

2.4.4 Determination of Cu(II) concentration

The Cu(II) concentration was determined using the atomic
absorption spectroscopy apparatus (Shimadzu AA-670
spectrophotometer at 540 nm).

2.5 Biosorption kinetic models

2.5.1 Pseudo-first and second-order kinetic models

The pseudo-first-order (PFO) and pseudo-second-order
(PSO) models were used to describe the kinetics of the bio-
sorption of Cu(Il) on the WH, A-WH, and B-WH. The lin-
ear forms of the PFO and PSO models are presented in
Egs. (4) and (5), respectively [28]:

In(g,—¢,)=Ing, —kt, “)
t t 1

Loty 5)
9 4. k4

2.5.2 Intraparticle diffusion model
Adsorption is a mass transport process that can be viewed
as a diffusion. According to the intraparticle diffusion
(IPD) model, the adsorption mechanism is through three
steps, i.c., the external mass transfer, the intraparticle dif-
fusion, and the final equilibrium step. In the first step,
the adsorbate is transferred from the bulk solution to the
external surface of the adsorbent through the boundary
layer. In the second step, the adsorbate migrates from the
external surface to the macropores inside the adsorbent. In
the final step, the adsorbate moves slowly from the macro-
pores to the micropores of the adsorbent [29].

Based on the IPD model, g, is a linear function of 7
according to Eq. (6):

q, =kt +C. ©)

where k, and C can be obtained from the slope and inter-
cept of g, versus ¢°° plot.

2.6 Biosorption isotherm models
2.6.1 Langmuir isotherm model
The Langmuir isotherm model is based on three assump-
tions:
1. monolayer adsorption (one molecule thickness);
2. the surface of the adsorbent has a finite number of
identic sites for the adsorption;
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3. there is no lateral interaction between the adsorbed
molecules even they are on adjacent sites [30].

The Langmuir equation describes the amount of adsor-
bate adsorbed at equilibrium, (g,), as presented in Eq. (7):

K,q,C
=—Ltm e 7
e 1+K,C, @

Eq. (7) can be converted to a linear form as Eq. (8):

C 1 1
e = (—j C + . ®)
qe qm KLqm

A critical feature of the Langmuir adsorption isotherm
is that it can predict the affinity of the adsorption through
separation factor (R, ) defined in Eq. (9):

1

R =——. 9
14K, G, ©)

Depending on the value of R,, the adsorption can be
categorized as unfavorable (R, > 1), linear (R, = 1), favor-
able (0 <R, <1), and irreversible (R, = 0 = 0) [30].

2.6.2 Freundlich isotherm model

The Freundlich isotherm model assumes that the adsorp-
tion occurs on a heterogeneous surface. This model is rep-
resented by Eq. (10) [30]:

q.=K.C!", (10)

where K and 1/n are constants related to the adsorption
capacity and intensity, respectively, which can be obtained
from the plot of In ¢, against In C according to Eq. (11):

Ing, :anF+llnCe. (11)
n

3 Results and discussion

3.1 Effect of pretreatment on the chemical composition
of WH biosorbents

Table 1 shows the compositions of the raw and treated
WH. The content of cellulose, hemicellulose, and lignin in
the raw WH are 18.42%, 34.71%, and 5.22%, respectively.

Table 1 Effect of pretreatments on WH composition

Composition (%)

Component WH AWH BAWH
Cellulose 18.42 25.62 32.24
Hemicellulose 34.71 23.18 48.34
Lignin 5.22 4.68 2.27
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After acid treatment, the cellulose content increases to
25.62%, while the hemicellulose and lignin contents
decrease to 23.18% and 4.68%, respectively. Meanwhile,
the alkali pretreatment causes the cellulose and hemicel-
lulose content to increase to 32.24% and 48.34%, respec-
tively, while lignin decreases to 2.27%. Singh and Bishnoi
reported a similar result [26]. They reported that after
dilute-acid (2% w/v HCI) pretreatment, the cellulose con-
tent increased from 19.2% to 24.2%, while the hemicel-
lulose and lignin content decreased from 40.0% to 27.5%
and from 4.8 to 3.6%, respectively. They also revealed
that dilute alkali (2% w/v NaOH) pretreatment caused the
percentage of cellulose and hemicellulose increased from
19.2% to 32.4% and from 40.0% to 55%, respectively,
while lignin decreased from 4.8% to 2.1%.

During dilute acid and alkali pretreatment, the acid and
alkali disrupt the cell wall by attacking the ferulic acid
bridge connecting hemicellulose and lignin through ester
and ether bonds [31]. It is shown in Fig. 1 that the ester
linkage connecting hemicellulose and ferulic acid is sus-
ceptible to alkali attack. In contrast, the ether linkage con-
necting lignin and ferulic acid is susceptible to acid attack.

In the dilute acid pretreatment, the acid further attacks
the glycosidic bond of hemicellulose, leading to a hydro-
lysis reaction to smaller molecules soluble in water [32].
It could be the reason why the content of hemicellulose
decreases during dilute acid pretreatment. Lignin is also
depolymerized due to the presence of acid. The cleavage
of -O-4 structures results in the formation of free phenolic
moieties and Hibbert ketones [33], which will quickly con-
densate and precipitate in acidic environments [32], so the
lignin content decreases but not as much as hemicellulose.
Unlike hemicellulose and lignin, cellulose is not affected
much by dilute acid at 100 °C. Therefore, the amount of
cellulose could decrease, but not as much as hemicellulose
and lignin. As a result, the percentage of cellulose increases.

Dilute alkali treatment increases cellulose and hemi-
cellulose contents to 32.24% and 48.34%, respectively,

Hemicellulose unit

Ferulic acid

while lignin content decreases to 2.27%. Singh and
Bishnoi [26] found the same trend. Due to NaOH dissocia-
tion, the hydroxide ion attacks the ester bond between the
ferulic acid and hemicellulose fractions, opening up the
"lignin wall" of the lignocellulose allowing lignin com-
ponents to be solubilized and making both cellulose and
hemicellulose accessible to the alkali solution [34, 35].
Therefore, alkali pretreatment can remove lignin in plant
tissues effectively, resulting in high delignification [36],
as it is presented in Table 1 that the percentage of lig-
nin decreases from 5.22% to 2.27%. As the hemicellu-
lose and cellulose are accessible to the alkali solution, the
hemicellulose fraction may be degraded. Meanwhile, at
the experimental condition of this work (100 °C and 2 g
NaOH/100 mL solution), the glycosidic (I — 4)-linkages
between the f-D-glucopyranose units in cellulose are sta-
ble, so the structural change of cellulose is insignificant.
Alkali solutions may cause swelling, de-crystallization,
and cellulose depolymerization, increasing the lignocellu-
losic material's internal area and porosity [35].

3.2 Effect of pretreatment on the morphology of WH
biosorbents

SEM micrographs of the WH, A-WH, and B-WH are
shown in Fig. 2 (a)—(c), respectively. It is seen in Fig. 2 (a)
that there are only a few small pores (with a diame-
ter < 10 um) on the WH surface, as marked with small red
circles. After acid treatment, the surface of A-WH becomes
rougher, and some larger pores (with a diameter < 26 um)
are observed, as depicted in Fig. 2 (b) and marked with red
circles and an ellipse. These pores result from the disrup-
tion of the lignocellulosic cell wall by the acid [32], leaving
more and larger pores, as explained earlier. Alkali treatment
causes more lignin solubilization and attack of hemicellu-
lose by the alkali [35], leading to even more and larger pores
(with diameters up to 76 um) forming on the B-WH surface,
as shown in Fig. 2 (c). All pores observed in Fig. 2 (a)—(c) are
categorized as macropores (diameter > 200-300 nm) [37].

Lignin unit

O—-==+e=: Ester linkage
(Alkali-labile)

SN g
L9

OCH
3

Ether linkage
(Acid-labile)

Fig. 1 The cleavage sites of lignocellulosic complexes during pretreatments using acid and alkali (adapted from Oriez et al. [31])
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Fig. 2 (a) SEM images of WH, (b) A-WH, (c) and B-WH; red markings:
observable macropores

3.3 Characterization of WH biosorbents
Fig. 3 shows the absorbance spectra of WH, A-WH,
and B-WH, which can be distinguished into two regions,
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Fig. 3 FTIR spectra of WH, A-WH, and B-WH

i.e., 3800-2800 cm™ and 1800-800 cm™'. The peak num-
bers and the assigned functional groups are listed in Table 2.
The first region consists of three peaks (1, 2, and 3) that
are assigned to hydrogen-bonded OH intramolecular and
intermolecular stretching, symmetric and asymmetric C-H
stretching, respectively. These functional groups are present
in cellulose, hemicellulose, and lignin. The second group is
the fingerprints region [38] where many peaks are assigned
to cellulose (peaks 6 and 8), lignin (peaks 5 and 7), hemi-
cellulose and lignin (peak 4), cellulose and hemicellulose
(peak 9), as well as cellulose and lignin (peak 10).

Peaks 6 and 8 are assigned to CH, wagging and C-O-C
asymmetric stretching, respectively, present in cellu-
lose [38]. Both peaks are slightly more prominent in
A-WH and B-WH than in WH, as depicted in Fig. 3. It is in
line with the chemical analysis of the biomass presented in
Table 1, in which the cellulose content in A-WH and B-WH
are higher than in WH. Peaks 5 and 7 correspond to C=0
stretching in aromatic skeletal vibration with C-H defor-
mation and syringyl ring and C-O stretch, respectively,
in lignin molecular structure [38, 39]. Peak 5 disappears
in A-WH, but it is still observable in B-WH. Meanwhile,
peak 7 completely recedes in A-WH and B-WH. It means
there is a decrease in lignin content in A-WH and B-WH,
as confirmed by the analysis result in Table 1.

Peak 4 at a wavenumber of 1629 cm™ is assigned to C=0
stretching in carboxylic group in hemicellulose and lig-
nin [40] and H-O-H bending of water molecules adsorbed
on the biomass [41]. It is shown in Fig. 3 that this wave-
number is absorbed more by the WH than A-WH. It is in
accordance with the chemical analysis that WH contains
less hemicellulose than A-WH, as presented in Table 1.
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Table 2 Assignment of peaks in FTIR spectra of water hyacinth leaf powder

Peak Wavenumber

number (cm-) Functional group Component Ref.
1 3318 Hydrogen-bonded OH intramolecular and intermolecular stretching Cellulose, hemicellulose, lignin [38]
2 2910 Symmetric methyl and methylene stretching Cellulose, hemicellulose, lignin [38]
3 2840 Asymmetric methyl and methylene stretching Cellulose, hemicellulose, lignin [38]
4 1629 C=0 stretching in carboxylic group Hemicellulose, lignin [40]
H-O-H bending of absorbed water molecules Water molecules absorbed on the sample [41]
5 1415 C=O0 stretching in aromatic skeletal vibration with C-H deformation Lignin [38,39]
6 1334 CH, wagging Cellulose [38]
7 1244 Syringyl ring and C-O stretch Lignin [39]
8 1149 C-O-C asymmetric stretching Cellulose [38]
9 1100 C-0O-C stretching and aromatic C-H in-plane deformation Cellulose, hemicellulose [38]
10 1038 C-O stretching, aromatic C-H in-plane deformation Cellulose, lignin [38]
Peak 9 (wavenumber 1100 cm™) represents C-O-C 2 I
stretching and aromatic C-H in-plane deformation in cel- 229 e A-WH
lulose and hemicellulose [38]. This peak is more observ- 204 —*—B-WH
able in A-WH and B-WH than in WH. It conforms to the 18 4
chemical analysis presented in Table 1, showing that cel- —
lulose and hemicellulose content is higher in A-WH and g 107
B-WH than in WH. Peak 10 at a wavenumber of 1038 cm™ E 141
is assigned to the stretching vibration of C-O and aromatic 124
C-H in-plane deformation of cellulose and lignin [38]. 104
8 .
3.4 Effect pH on the biosorption of Cu(Il) ions
Fig. 4 shows the effect of pH on the biosorption of Cu(II) 6]

ions by raw and treated WH. The biosorption capacity
of the three biosorbents increases as pH increases and
reaches optimum values at pH 7.5, 7.0, and 7.5 for WH,
A-WH, and B-WH, respectively, with the amount of Cu(II)
ion adsorbed as much as 12.34, 16.15, and 23.08 mg g,
respectively. Uddin et al. [42] used acid-treated water hya-
cinth to adsorb methylene blue from a solution with vari-
ous pH. They reported that the biosorption capacity of the
biosorbent reached the optimum value at a pH of 6.934.
Guyo and Moyo [43] adsorbed Pb(II) from a solution using
cowpea pod-based adsorbent at pH 2 to 8. They found that
the biosorption capacity reached the optimum value at
a pH of 6. The poor adsorption of ionic metal in acidic
conditions is partly caused by protons (H"). At low pH,
the concentration of proton is high, possibly occupying the
binding sites on the surface of the adsorbent, reducing the
available sites for the metal ions. When the pH increases,
the proton concentration decreases, leaving more sites on
the adsorbent surface for the metal ion [44].

It is seen in Fig. 4 that the biosorption capacities of
both the A-WH and B-WH are better than that of the WH,

5.0 5.5 6.0 6.5 7.0 7.5 8.0
pH

Fig. 4 The effect of pH on the biosorption capacity of WH, A-WB, and
B-WH for Cu(Il) ions removal

in which the B-WH has the highest biosorption capacity.
It means that both acid and alkali treatments can improve
the biosorption capacity of the WH biosorbent. It can be
related to the effect of acid and alkali on the structure of the
WH leaves, as explained earlier. The acid treatment causes
the formation of larger macropores, thus increasing the sur-
face area for biosorption. Meanwhile, alkali treatments form
more pores with larger diameters, as exhibited by the SEM
micrograph in Fig. 2 (c). Consequently, the surface area of
the B-WH is larger than those of the WH and A-WH.

3.5 Effect of initial concentration of Cu(Il) ions

The biosorption capacity of the three biosorbents at various
initial Cu(II) concentrations is shown in Fig. 5 (a). The bio-
sorbent having the highest biosorption capacity is B-WH,
followed by A-WH and WH. The biosorption capacities
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Fig. 5 Effect of initial concentration of Cu(II) ions on biosorption
capacity (a) and removal efficiency (b) of WH, A-WH, and B-WH

of B-WH, A-WH, and WH for the initial Cu(II) concen-
tration of 10 mg L™ are 13.20, 10.44, and 8.70 mg g/,
respectively. The biosorbent capacities of all biosorbents
increase as the initial Cu(II) concentration increases.
However, the biosorption capacities are almost constant
at an initial concentration above 70 mg L. At an initial
Cu(IT) concentration of 200 mg L', the biosorption capac-
ities for the B-WH, A-WH, and WH reach 22.30, 16.98,
and 14.15 mg g!, respectively. Many researchers reported
similar results [45, 46].

The biosorbent's performance can be evaluated in terms
of removal efficiency, as shown in Fig. 5 (b). It is seen in
the figure that the B-WH results in the highest removal
efficiency, followed by A-WH and WH. The removal
efficiency of B-WH, A-WH, and WH drop sharply from
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66.00% to 26.83%, 52.20% to 21.96%, and 43.50% to
18.30%, respectively, as the initial Cu(Il) concentration
increases from 10 to 30 mg L', It continues to drop as the
initial Cu(Il) concentration increases but is not as sharp
as the initial Cu(Il) concentration increases from 10 to
30 mg L', It eventually reaches 5.57%, 4.25%, and 3.54%
for B-WH, A-WH, and WH, respectively, when the ini-
tial Cu(Il) concentration is 200 mg L. Other researchers
reported similar results [45, 46].

The effect of the initial concentration of Cu(Il) on the
biosorption capacity could be related to the availability of
the active sites on the surface of the biosorbent. The initial
concentration of the solute renders the driving force for the
mass transfer of the solute from the bulk solution to the sur-
face of the biosorbent [47—49]. A kinetic study of the bio-
sorption in this work shows that the biosorption is faster
in higher initial Cu(II) concentrations. The interaction
between Cu(Il) and the biosorbent can occur more intensely
in higher Cu(Il) concentrations. Therefore, a higher initial
Cu(II) concentration leads to higher biosorption [46].

Based on Fig. 5 (b), the removal efficiency is lower
for higher initial Cu(Il) concentrations. It is because the
number of Cu(Il) ions is much higher than the number
of the active site on the biosorbent, leaving more Cu(II)
ions unadsorbed in the bulk solution [49, 50]. As a result,
the removal efficiency is lower for biosorption with
a higher initial Cu(II) concentration.

3.6 Biosorption kinetics
Fig. 6 depicts the effect of time on Cu(II) biosorption
on WH. It is shown that at the same time, the amount of

25
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c)
S 104
54 —a— WH
—e— A-WH
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0 T T T T T T
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¢ (min)

Fig. 6 Effect of time on the biosorption of Cu(II) ions on WH, A-WH,
and B-WH
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Cu(II) adsorbed (¢, by the B-WH is higher than that by the
A-WH and WH. The ¢, of all biosorbents increases with
time. The results show that g, increases sharply in the first
30 minutes, but after that, the biosorption proceeds more
slowly, and after 105 minutes, it becomes nearly constant.

Biosorption is a mass transfer process with a concen-
tration gradient as the driving force [50]. The concentra-
tion gradient is the highest at the beginning of the pro-
cess, so the biosorption proceeds fast. As the active site on
the surface of the biosorbent is occupied by the adsorbate,
the driving force becomes lower, and hence the biosorp-
tion process becomes slower.

3.6.1 The PFO and PSO kinetics model

For the PFO kinetic model, the experimental data was
plotted as In (g, — g,) versus ¢, as depicted in Fig. 7. Then,
the data were fitted to the model (Eq. (4)) to obtain the mod-
el's parameters. The g, was obtained from the intercept,
while kf was calculated from the slope of the linear plot.
The parameters of the PFO model for the three biosorbents,
along with the coefficients of determination (R?), are pre-
sented in Table 3. It is shown in the table that the experi-
mental data for the three biosorbents are fitted well to the
model as their R? are 0.9819, 0.9847, and 0.9878 for the WH,

34 = WH
¢ ® A-WH
i A B-WH
24 —— Linear plot for WH
Linear plot for A-WH
—_ 1 — Linear plot for B-WH
S
S o]
=
14
24
'3 T T T T T T
0 20 40 60 80 100 120

¢ (min)

Fig. 7 Linear plot of the pseudo-first-order kinetic model of the
biosorption of Cu(Il) ions on WH, A-WH, and B-WH

A-WH, and B-WH, respectively. In addition, the PFO rate
constants of the WH, A-WH, and B-WH are 0.040, 0.0343,
and 0.0349 min™!, respectively, while the biosorption capac-
ities (¢,) are 10.42, 15.64, and 21.81 mg g™', respectively.

The linear PSO kinetic model is depicted in Fig. 8.
By fitting the data to Eq. (5), ¢, and &, can be obtained
from the slope and intercept of the plot, respectively.
The constants are presented in Table 3. The coefficients of
determination (R?) of the WH, A-WH, and B-WH models
are 0.9977, 0.9965, and 0.9987, respectively. The PSO rate
constants of the WH, A-WH, and B-WH are 4.172 x 1073,
2.220 x 1073, and 1.605 x 107 g mg™' min™!, respectively,
while the biosorption capacities are 12.225, 18.692,
and 26.110 mg g™', respectively.

In comparison to the PFO model, the PSO model pro-
duces greater R? and lower RSME values for all biosor-
bents. The higher value of R? and smaller RMSE corre-
spond to a higher model fit [51]. Other researchers reported
that the PSO fitted well with the experimental data [51-53].

3.6.2 Intraparticle diffusion model

The kinetic study using the PFO and PSO cannot explain
the diffusion mechanism. Therefore, an analysis of the bio-
sorption kinetics using the IPD model is necessary. The lin-
earized IPD model is depicted in Fig. 9 as a plot of ¢°°
versus ¢,. It is seen in the figure that a single straight line
cannot approximate each set of data of the three biosorbents.
Two or three linear plots of g, versus ¢°° can be considered
in such a case. Each linear line represents a step in the bio-
sorption mechanism. The first step, represented by the black
straight line starting from the origin, is the external diffu-
sion of the adsorbate from the bulk solution to the surface of
the biosorbent through the stationary film or the boundary
layer. The second step, represented by the red straight line,
is intraparticle diffusion. The third step, represented by the
blue straight line, is the final equilibrium step [29].

Two straight lines can approximate the data for the
WH, while each A-WH and B-WH is represented by three
straight lines, as shown in Fig. 9. The regression results
are presented in Table 4. The biosorption rate constants

Table 3 Parameters of the PFO and PSO kinetics models for the biosorption of Cu(II) ions on raw and treated water hyacinth leaf powder

PFO model PSO model Ref.
Biosorbent
q, k, R RSME q, k| R RSME
WH 10.4270 0.0404 0.9819 0.2225 12.2249 0.00417 0.9977 0.1549 This work
2.3000 0.0450 0.9740 - 2.3900 0.1800 0.9820 - [53]
A-WH 15.6441 0.0343 0.9847 0.5219 18.6916 0.00222 0.9965 0.3100 This work
B-WH 21.8135 0.0349 0.9878 0.3423 26.1097 0.00160 0.9987 0.2410 This work
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Table 4 Parameters of the IPD model for the biosorption of Cu(II) ions
on WH, A-WH, and B-WH

Stage Parameter WH A-WH B-WH
C 0 0 0

1 k, 1.2198 1.7687 2.5933
R? 0.9970 0.9978 0.9991
C 6.6269 10.3140

2 k, 0.8953 1.1025
R? 1.0000 0.9999
C 9.7965 14.4110 20.9860

3 k., 0.0476 0.0848 0.0424
R? 0.9894 1.0000 1.0000

for the first, second, and third steps are k,, k, and £k,
respectively. It is seen in the table that for each biosor-
bent, k, >k, > k. Sun and Yang [54] reported a similar
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trend for the biosorption of dyes from aqueous solution on
modified peat-resin particles.

The data of the WH from ¢ = 0 to 75 min (¢°° = 0 to
8.66 min®?) can be approximated by a straight line start-
ing from the origin with k£ = 1.2198 mg g™ min™** and
R?>=0.9970 as presented in Table 4. This line describes
the external diffusion process in which the adsorbate
moves from the bulk solution to the external surface of
the biosorbent through the boundary layer. According to
Fig. 9, this line is followed by a flat line representing the
final equilibrium step with £, = 0.0476 mg g™' min™** and
R?>=0.9894. 1t could be related to the intact structure of
the lignocellulosic wall of the raw WH, with only a few
small-sized macropores observed, as exhibited by the
SEM micrograph in Fig. 2 (a). A similar phenomenon was
reported by Dizge et al. [55]. For the adsorption of reactive
dyes from aqueous solution onto fly ash, the plot of ¢, ver-
sus %3 could be represented by two straight lines.

The biosorption of Cu(Il) ions on A-WH can be repre-
sented by three straight lines, as shown in Fig. 9, which
reflects the biosorption mechanism. The first step, repre-
senting the external diffusion, starts from the originto =60
min (%% = 7.75 min®3). The straight-line regression results
ink, = 17687 mg g™ min™"* and R* = 0.9978, as shown in
Table 4. The second line, starting from ¢# = 75 to 90 min
(%5 =8.66 t0 9.89 min®’), represents the intraparticle diffu-
sion through macropores with £, = 0.8953 mg g min™**
and R* = 1.0. The value of k,, < k, means that the intra-
particle diffusion through macropores is much slower than
the external diffusion. The intraparticle diffusion is possi-
ble because the acid treatment disrupts the lignocellulosic
wall of the WH, leaving several medium-sized macropo-
res, as observed in Fig. 2 (b). However, this step occurs
only briefly (from ¢ =75 to 90 min). The intraparticle dif-
fusion through micropores or the equilibrium step starts
after + = 105 min (¢*° = 10.95 min®®). The regression of
this step results in &, = 0.0424 mg g”' min™"* and R* = 1.0.
Sun and Yang [54] reported that the adsorption of dyes
from aqueous solution onto modified peat-resin particles
could be represented by three straight lines.

The B-WH shows the same trend as the A-WH in that
the biosorption occurs in three steps. The external dif-
fusion step can be approximated by a straight line start-
ing from the origin to # = 45 min (#*° = 6.71 min®’) with
k,=2.5933 mg g™ min "’ and R*=0.9991. The intraparticle
diffusion step occurs faster (k,, = 10.3140 mg g min™"%) and
longer (from ¢ = 60 to 90 min) than in the A-WH. It could
be related to the existence of more large-sized macropores,
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exhibited in Fig. 2 (c), as the results of alkali treatment to
the WH. The final step of the biosorption occurs afterward
with &, = 0.0848 mg g™' min™** and R* = 1.0.

Based on the explanation above, it is proposed that the
mechanism of Cu(Il) biosorption on the WH is through
two steps, i.e., external diffusion and intraparticle equi-
librium diffusion. However, A-WH and B-WH have more
and larger macropores, so the biosorption mechanism is
proposed to consist of three steps, i.e., external diffusion,
intraparticle diffusion through macropores, and intrapar-
ticle diffusion through micropores or the equilibrium step.

3.7 Biosorption isotherm

Fig. 10 shows the linear regression of the Langmuir iso-
therm model for Cu(Il) biosorption onto WH, A-WH,
and B-WH, i.., a plot of C /g, versus C . The constants
g, and K, are obtained from the line slope and intercept,
respectively, and are presented in Table 5. The coefficient

149 = WH
® A-WH
124 4 B-WH
Linear plot for WH
104 Linear plot for A-WH
—~ Linear plot for B-WH
0 J
op 8-
N
V 4
=
O 6
4 -
2 -
0 T T T T
0 50 100 150 200
C, (mgL™)

Fig. 10 Linear plot of Langmuir isotherm for the biosorption of Cu(II)
ions on WH, A-WH, and B-WH at 30 °C

of determinations for the WH, A-WH, and B-WH are
> 0.99, indicating the Langmuir model's suitability to
describe the biosorption of Cu(II) onto the raw and treated
WH. The highest biosorption capacity is that of the B-WH
(23.202 mg g™, followed by A-WH (17.413 mg g') and
WH (14.556 mg g ™).

Adsorption is a surface phenomenon. The adsorption
capacity of an adsorbent is related to the specific surface
area. Different preparation methods of the adsorbents result
in different specific surface areas, pore structure, and dis-
tribution, and hence different adsorption effects [56]. As is
seen in Fig. 2, the surface of the WH is smooth, with only
very few small-sized macropores. The A-WH is rougher
with more medium-sized macropores. At the same time,
B-WH is rougher with many large-sized macropores, so it
is possible that the total external and internal surface area
of the B-WH > A-WH > WH. It is seen in the Table 5 that
the biosorption capacity of the WH, A-WH, and B-WH of
this work are higher than that of the WH-based biochar [53],
Lepiota hystrix biomass [57], and peanut hull [13]. Only
Aspergillus niger was reported to have a higher value of g, .
However, it has a much lower K, [58].

The affinity constants (K) of the three biosorbents are
almost the same, i.e., 0.1603, 0.1715, and 0.1315 L mg! for
the WH, A-WH, and B-WH, respectively. This constant is
used to calculate the separation factor (R,) of the adsorp-
tion process using Eq. (9). With an initial concentration of
the adsorbate in the solution of 10 to 200 mg L', the sep-
aration factors for the WH, A-WH, and B-WH are from
0.0305 to 0.3842, from 0.0284 to 0.3683, and from 0.0366
to 0.4320, respectively. All R, are between 0 and 1, mean-
ing the adsorption process using the three biosorbents is
favorable [30]. The affinity constants of the three biosor-
bents in this work are higher than those of the other biosor-
bents reported by other researchers [13, 58].

Table 5 The Langmuir constants for the biosorption of Cu(II) ions on different biosorbents

Langmuir model

Freundlich model

Biosorbent Ref.
K, (L mg™) g, (mgg") R K, (mg™"L'"g") g, (mgg" R
WH 0.1603 14.556 0.9996 6.828 6.609 0.9702 This work
A-WH 0.1715 17.422 0.9996 8.457 6.912 0.9735 This work
B-WH 0.1315 23.202 0.9983 10.745 6.743 0.9748 This work
WH-based biochar 6.830 2.06 0.9920 2.58 1.99 0.978 [53]
Lepiota hystrix biomass - 8.58 0.9890 17.51 3.3158 0.969 [57]
Peanut hull (25 °C) 0.0822 13.587 0.9940 10.4590 27.473 0.5505 [13]
Peanut hull (35 °C) 0.0960 14.006 0.9980 10.6460 24.876 0.7368 [13]
Aspergillus niger 0.0150 33.23 0.9390 1.95 2.83 - [58]




Fig. 11 shows the linear regression for the Freundlich
isotherm model for Cu(II) biosorption using WH, A-WH,
and B-WH as the biosorbent. The lines were obtained by
plotting In ¢, against In C . The regression results, includ-
ing K, n, and R*, are listed in Table 5. The Freundlich con-
stants K, are 6.828, 8.457, and 10.745 for the WH, A-WH,
and B-WH, respectively, while the values of n are 6.609,
6.912, and 6.743, respectively, as listed in Table 5. The val-
ues of n for all three biosorbents are between 1 and 10,
which means that the WH, A-WH, and B-WH have good
potential as biosorbents [55]. The model's coefficient of
determination (R?) for the WH, A-WH, and B-WH are
0.9702, 0.9735, and 0.9748, respectively. These values are
high enough for a regression. However, these values are
less than those for the Langmuir model. It means that the
biosorption of Cu(II) onto raw and treated WH is more suit-
able to be represented by the Langmuir isotherm model.

4 Conclusions

This work shows that water hyacinth can be used as a bio-
sorbent to remove Cu(II) ions from aqueous solutions after
it is chemically modified using acid and alkali. It has been
confirmed that alkali treatment can remove lignin more
than acid treatment. The amount of Cu(II) ions adsorbed
by WH, A-WH, and B-WH reaches a maximum when the
initial pH of the solution is 7.5, 7.0, and 7.5, respectively.
The PSO kinetic model well represents the kinetics of the
adsorption. Analysis of the IPD model reveals that the
mechanism of biosorption of Cu(Il) onto WH is through
external diffusion (for all three biosorbents), followed by
macropore diffusion (for A-WH and B-WH) and microp-
ore diffusion in the final equilibrium step (for all three bio-
sorbents). The biosorption capacity of WH leaf increases
after acid and alkali treatment due to more medium and
large-sized macropores formed. The equilibrium data
follow the Langmuir isotherm equation, confirming the
monolayer sorption of Cu(Il) by WH, A-WH, and B-WH
with a monolayer sorption capacity of 14.556, 17.422,
and 23.202 mg ¢!, respectively.
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