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The study was focused on developing adsorbents from tofu waste (TW) for the adsorption of Pb(ll) and Cu(ll). FTIR
analysis showed that NaOH activation of TW affected the transmittance of active sites. XRD analysis identified
increasing crystallinity after NaOH treatment. SEM analysis demonstrated larger pores with higher NaOH con-
centrations, reducing adsorbent size. The adsorption capacity reached a maximum equilibrium of 99.86 mg/g and
87.81 mg/g for Pb(ll) and Cu(ll), respectively, using TW activated by 0.6 M NaOH. Both Pb(ll) and Cu(ll) adsorptions
followed a linearized pseudo second-order kinetics model, with capacities of 100.00 mg/g and 87.719 mg/g,
respectively. The Langmuir isotherm provided the best fit, yielding maximum overall adsorption capacities of
77.519 mg/g for Pb(ll) and 91.743 mg/g for Cu(ll) at the initial concentrations being 9.89-499.51 mg/L and 10.08-
499.92 mg/L for Pb(ll) and Cu(ll), respectively. Brunauer—-Emmett-Teller study results showed that the saturation
capacities and total pore volumes were 50.505 mg/g and 49.500 L/mg, respectively, for Pb(ll), and 84.388 mg/g
and 237.000 L/mg, respectively, for Cu(ll).
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Introduction

Increasing industrial activities have led to an increase  Heavy metal ions can cause human health problems
in heavy metals in wastewater. Water pollution caused  because their pollution is persistent, long-term and
by heavy metal ions has become a major environmen-  covert (Ali et al.,, 2019). Because heavy metals cannot
tal problem in some developing countries. Heavy met-  be naturally degraded, they can accumulate in the hu-
al pollution can decrease the quality of an ecosystem.  man body throughout the food chain (Khan et al., 2015).
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Among other heavy metals, Pb(ll) and Cu(ll) have be-
come a major concern in various developing countries
due to the increasing industrial activities. Pb(ll), which
is a non-biodegradable pollutant, can be released to
water bodies from industrial activities including ag-
ricultural and mining practices (Yan-Bao et al., 2013).
Accumulating this hazardous Pb(ll) in the human body
can cause respiratory, urinary, cardiovascular, diges-
tive and neurologic diseases (Ebrahimi et al., 2020).
Meanwhile, copper is a widely used heavy metal, and
its mine plants in the world have a 10 times high-
er capacity compared with other non-ferrous metals
(Milicevi¢ et al., 2020). Cu(ll) ions can be released to
surface water from agricultural, chemical and electri-
cal industries, petroleum and mining operation, and
even households(Biswajit and Sudip, 2013). Its redox
activity in the human body can cause tumors and can-
cer (Leliévre et al, 2020) and neurological diseases
due to various organ disorders (Jomova et al., 2022).
The maximum contaminant level (MCL) of Pb(ll) and
Cu(ll) in drinking water required by the Environmental
Protection Agency (EPA) is 0.015 mg/L and 1.3 mg/L,
respectively (Griffiths et al., 2021). Therefore, decreas-
ing and removing Pb(ll) and Cu(ll) in contaminated
wastewater before discharging it to the environment
are necessary to protect human beings.

Several methods have been proposed for many years
to reduce the concentration of heavy metal ions, in-
cluding Pb(ll) and Cu(ll), from wastewater; however,
attaining the most economical and effective method is
still challenging to conduct. Physical and chemical pro-
cesses include precipitation, reverse osmosis, solvents
(Kurniawan et al., 2006), oxidation based on photo-Fen-
ton and electrochemical degradation (Vorontsov, 2019;
Mansouri et al., 2019; Jiménez et al., 2019), sedimenta-
tion by flocculation (Lee et al., 2008; Inam et al,, 2019),
ion-exchange (Fu and Wang, 2011), and membrane fil-
tration (Quist-Jensen et al., 2015). Among physical and
chemical processes, various adsorption approaches
have been widely used due to their cost-effectiveness,
easy operational conditions and simplicity regeneration
(Geng et al., 2012; Samiey et al,, 2014; Wang et al., 2014).

Various organic adsorbents derived from agricultural
solid wastes have been employed in the adsorption of
Cu(ll), such as those derived from cocoa cortex (Fots-
ing et al., 2020), green vegetable waste (Sabela et al.,
2019), coconut cake, groundnut seed and sesame seed
(Kumar et al., 2019), fermented corn stalk (Ren et al.,
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2018), and palm oil fruit shells (Hossain et al., 2012).
The organic adsorbents utilized from coconut fibers,
rice husk and moringa leaves (Dharsana and Josej,
2020), oryza sativa husk (Kaur et al., 2020), cucumber
peel (Basu et al,, 2017), tomato waste (Yargic et al.,
2015), olive tree pruning waste (Blazquez et al., 2011),
and heartwood of areca catechu powder (Chakravarty
et al,, 2010) have been applied for Pb(ll) adsorption.

The amount of tofu waste was predicted to be approx-
imately 14 million tonnes every year (Mok et al., 2019),
and it was projected to increase by 5.2% through 2019 to
2029 following the tofu market growth by 5.2% (Grand
View Research, 2019; Maximize Market Research,
2023). Tofu waste is well-known as soybean waste, lim-
bah ampas tahu (Indonesian), Okara or tofukasu (Jap-
anese), tauhu tor (Thai) and doufuzha (Chinese). It con-
tains approximately 25% of protein, 50% of fiber, 10% of
lipid and other high-value compounds such as lignins,
isoflavones, saponins, etc. (Mok et al., 2019). Protein
surface is covered by functional active sites including
alcohol, hydroxyl, carbonyl, amino acids, ester, amine
and carboxyl, which can bind metal ions (Kampalanon-
wat and Supaphol, 2014). Dried tofu waste was used
for the adsorption of Cr(lll), and the maximum adsorp-
tion capacity determined was 4.498 mg/g at 160 min
of contact time (Perwitasari, 2021). Tofu waste without
chemical activation was used as adsorbent for Cu(ll)
and Pb(ll), and the maximum adsorption capacity was
obtained to be 7.55 mg/g and 7.90 mg/g, respectively.
The functional groups are alcoholic, amino, carbonyl,
etc., and they have affinity for the adsorption of heavy
metal ions (Dancila et al., 2019).

NaOH activators affect the surface characteristics of
an adsorbent (Hafizuddin et al., 2021) and increase its
total surface area (Andre et al,, 2011). NaOH concen-
tration also affects the adsorption capacity of heavy
metal, increasing the adsorption capacity of Pb(ll) by
activated Areca Catechu shell (Muslim et al., 2017), and
it can increase the adsorption of Cu(ll) by the adsorbent
from Musa Acuminata Banana Bunch (Muslim et al,,
2021). The amount of metal ions present on the ad-
sorbent, commonly referred to as adsorption capacity,
can be varied with contact time. This relationship could
be a linear increase in 40 min, and a sudden linear de-
crease for the rest of the time, i.e., 50 min (Ifijen et al.,
2020), an exponential increase with a 200-min equi-
librium time (Li et al., 2022) and a 60-min equilibrium
time (Muslim et al., 2022), and dynamic two stages of
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fluctuations reaching an equilibrium in 120 min (Ka-
zmierczak et al., 2021).

The adsorption equilibrium can be achieved within a
reasonable timeframe. The rate of adsorption and the
equilibrium adsorption capacity can be determined us-
ing adsorption kinetic models (Mashhadimoslem et al.,
2024). The Lagergren and Ho adsorption kinetic models
are commonly utilized due to their ability to describe
the adsorption process and offer valuable insights into
the adsorption mechanism (Revellame et al., 2020).
Moreover, these models are relatively straightforward
to apply (Al-Harby et al.,, 2021). To ascertain the over-
all adsorption capacity, adsorption equilibrium may be
evaluated across various initial concentrations of ad-
sorbate in the solution (Obulapuram et al., 2021). The
Freundlich and Langmuir isotherm models are wide-
ly employed to predict the overall adsorption capaci-
ty across varying amounts of adsorbate at a constant
temperature (Khayyun and Mseer, 2019). Additionally,
the Brunauer-Emmett-Teller (BET) model is reliable
for determining the total pore volume and adsorption
isotherm capacity (Murphy et al., 2023).

The main objective of this study was to provide valua-
ble insights into the effects of NaOH reagent for acti-
vating tofu waste on the properties of tofu waste (TW)
related to the TW functional active sites and physical
morphology throughout Fourier-transform infrared
spectroscopy (FTIR), structural equation modelling
(SEM), and X-ray diffraction (XRD) analysis. The effect
of contact time and NaOH concentration on the adsorp-
tions of Cu(ll) and Pb(ll) were examined. Adsorption
kinetic and isotherms studies were carried out to ob-
tain the related constants by fitting the adsorption test
data to the linearized models of adsorption kinetic and
isotherms. The effect of NaOH concentration on the ki-
netic and isotherm constants was evaluated, including
isotherm-based Brunauer—-Emmett-Teller model.

Materials and Methods

The TW adsorbent without chemical activation

The fresh TW samples were obtained from the waste
generated by a tofu company in Lamteumen Barat Vil-
lage, Banda Aceh. The fresh TW sample of 2 kg was
washed thoroughly with reverse osmosis water until
residual milk was removed. It was then rinsed with
distillate water, and pressed to reduce the water. To
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remove the rest water and bound moisture, it was dried
at 105°C (+ 1°C) in an oven (Memmert NN-ST342M,
Western Germany) until reaching a constant final
mass. The dried TW of 1 kg was ground into powder
and sieved (ASTM standard) to 60-100 mesh size to
get a stock of TW powder. The TW powder of 30 g was
separated, stored in a sealed bottle, and labelled as TW
(TW adsorbent without chemical activation).

The TW adsorbent with chemical activation

To prepare the activated TW adsorbent, 30 g of TW pow-
der was taken from the stock. Chemical activation of
the TW powder was conducted by contacting 30 g of TW
powder with 200 mL of NaOH solution at 0.2 M in a beak-
er glass, which was stirred at 100-rpm and 30°C (+ 1°C)
using a magnetic stirrer for 24 h (Muslim et al,, 2022).
The pH of the activated TW adsorbent was neutralized by
washing it many times using distilled water and filtering
using vacuum filter. The activated TW was dried at 105°C
(£ 1°C) in the oven until reaching a constant final mass.
This activated TW adsorbent was stored in a sealed bot-
tle and labelled as TW 0.2 (TW adsorbent activated using
0.2 M NaOH). This chemical activation procedure was re-
peated for another 30 g of TW powder using 0.4 M NaOH
to produce TW 0.4. The above procedure was also repeat-
ed for another 30 g of TW powder using 0.6 M NaOH to
produce TW 0.6. The operation condition of TW chemical
activation is listed in Table 1.

Table 1. Operation condition of TW chemical activation

Type of adsorbent
Actlv_a.tlon TW 0.2 TW 0.4 TW 0.6
conditions
NaOH solult|on 02 M 0.4M 0.6 M
concentration
NaOH solution 200 mL 200 mL 200 mL
volume
TW powder
mass 09 09 -
Temperature of 30°C(+1°C)  30°C(+1°C) | 30°C(+1°C)
activation
Temperature of 105°C (£ 1°C) | 105°C (+ 1°C) | 105°C (= 1°C)

drying

Characterization of TW adsorbents

The functional groups of TW, TW 0.2, TW 0.4 and TW
0.6 were analysed with FTIR (Shimadzu Prestige 21,
Japan). The KBr Pellet method was used. Each sample
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of 0.5 mg was finely pulverized to mix the sample with
500 mg of KBr, and the mixture was dried at 110°C
(£ 1°C) in the oven. The spectra of samples were quan-
tified at the range of 400-4000 cm™' of wavenumber.
To determine the crystal structure of the samples, XRD
(Shimadzu 7000, Japan) was used, and the observation
of the scattered intensity begins at a diffraction angle of
8 = 0° and continues up to 60°. SEM (HITACHI TM3000,
Japan) was employed to observe the sample surface
characteristics under 50/60Hz and phase 1 of 500VA.
Prior to SEM examination, all samples underwent a
drying process at 105°C for 20 min in the oven (Muslim
et al,, 2022).

Experiments of Pb(ll) and Cu(ll) adsorption

All adsorption experiments were conducted in a batch
mode at standard pH, atmospheric pressure, and room
temperature. The experimental procedure followed
that of the previous study (Muslim et al., 2021). A mass
of 0.5 g of TW was brought into contact with 100 mL
of Pb(ll) aqueous solution with a predetermined initial
concentration of 499.51 mg/L, and the TW-solution
system was stirred at 100 rpm. Pb(ll) concentration in
the solution after adsorption at intervals of 10, 20, 30,
40, 50, and 60 minutes was determined by extracting
1 mL of the filtrate sample at each time point, which
was then mixed with 11 mL of distilled water. Analysis
was conducted using atomic absorption spectroscopy
(AAS), with the real Pb(ll) concentration determined
by a dilution factor of 12. This experimental procedure
was repeated for initial Pb(ll) concentrations of 9.89,
25.20, 48.90, 124.56, and 248.60 mg/L, as well as for a
TW-solution with a mass of 0.6 g. Equilibrium time was
determined based on both adsorption experiments and
used to calculate the adsorption capacity of TW 0.2 and
TW 0.4. To assess the effect of NaOH concentration,
the adsorption capacity of each adsorbent was deter-
mined at equilibrium. All experiments for Pb(ll) ad-
sorption were repeated for Cu(ll) adsorption, with initial
Cu(ll) concentrations set at 10.08, 24.40, 50.08, 124.70,
249.05, and 499.92 mg/L. The difference in initial Cu(ll)
concentration compared with Pb(ll) was due to distinct
AAS analyses.

Measuring adsorption capacity across time

The adsorption capacity for Pb(ll) and Cu(ll) was as-
sessed by applying Equation (1) to the time series
data of the respective heavy metal ions. This equation
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has been adapted from the prior study conducted by
Nguyen and Pham (Nguyen and Pham, 2023):
_ (Co=CVst

—_— (1)
qt —_—

Where: C, (mg/L) is the concentration of heavy metal
ions in aqueous solution at time t = 0 min, which is also
noticed as the initial concentration of heavy metal ions; C,
(mg/L) is the concentration of heavy metal ions in aque-
ous solution at time t min; g, (mg/g) represents the ad-
sorption capacity at time t min; Vs, (L) is solution volume
at the time t; m,. (g) denotes as mass of adsorbent.

Measuring adsorption kinetic

The linearized pseudo first-order kinetics (LPFOK)
model (Lagergren, 1989) and the linearized pseudo
second-order kinetics (LPSOK) model (Ho et al., 1996)
were used to measure the adsorption kinetic of Pb(ll)
and Cu(ll), and given as Equations (2) and (3), respec-
tively (Muslim, et al. 2017):

kt
log(q. —q,)=logg, —| —=% 2
(g, —q,)=logg, (2.303] @)
t 1 + t a)
L L .
9, kyq.' 4.

Where: k, (/min) stands for the LPFOK adsorption rate
constant; k,, (g/mg.min) represents the LPSOK adsorp-
tion rate constant; g,(mg/qg) is the adsorption capacity
at equilibrium time.

Measuring adsorption isotherm

The linearized Langmuir adsorption isotherm (LLAI)
model (Langmuir, 1918) and linearized Freundlich
adsorption isotherm (LFAI) model (Freundlich, 1906)
were used to measure the adsorption isotherm of Pb(ll)
and Cu(ll), and given as Equations (4) and (5), respec-
tively (Syahiddin and Muslim, 2018):

C, 1 1
—= +—C, @)
9. 9.K. g,
1
logg, =—logC, +logK (5)
n

Where: C, (mg/L) is the concentration of heavy metal
ions in the aqueous solution at equilibrium; g,,, (mg/g)
signifies the adsorption capacity based on LLAI model;
K, (L/mg) is the pores volume of LLAI model; K. (L/mg)
indicates the pore volume of LFAI model; 1/n denotes
the adsorption intensity.
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The total pore volume and capacity of adsorption iso-
therms can be worked out using the linearized Bruna-
uer—-Emmett-Teller (BET) adsorption isotherm model
(LBETAI model, Foo and Hameed, 2010):

. __1 +(CBET—1)£QJ ©
q.(C;=C,)  q,Cpy q,Crer \C

K

Where: Cger (L/mg) is the BET total pore volume; g,
(g/mg) is the BET saturation capacity; C, (mg/L) is
adsorbate saturation concentration.

Results and Discussion

FTIR spectroscopy analysis

The g, of TW, TW 0.2 M, TW 0.4 M, and TW 0.6 M might
be influenced by the presence of functional groups on
the adsorbent. These groups can be detected using an
FTIR spectrum. As can be seen by the FTIR spectra
of TW 0.6 in Fig. 2, a wide band with a peak at 3277
cm™! and a trasmittance of 42.8% corresponds to the
0-H stretching vibration of the hydroxyl group in lignin,
cellulose and hemicellulose at 3200-3500 cm™" (Yu and
Yang 2019; Zein et al., 2014, Hesas et al., 2013; Pope-
scu et al,, 2009) which illustrates the inherent hydro-
philic nature of the fibers (Mondragon et al., 2014). The
band representing the N-H stretching vibration of the
peptide bond (-CO-NH-) can be observed at 3270-3310
cm™' (Foggia et al,, 2011).

Fig. 1. The FTIR spectra for (a) TW, (b) TW 0.2, (c) TW 0.4 and (d) TW 0.6
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Various functional groups were also determined to be
associated with specific peaks. The stretching of the
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C-H alkyl groups of celluloses (Yang et al., 2019; Fahma
et al,, 2011), or the CH, asymmetric stretching of lipid
(Kumar et al., 2016), was identified at 2926 cm™" with
a trasmittance of 39.5%. The symmetric stretching vi-
bration of -CH, was at 2850 cm™ with a trasmittance
of 42.2% (Sha et al., 2019). The peak at 1741 cm™" with
a trasmittance of 39.2% was attributed to C=0 stretch-
ing of hemicelluloic ester groups of (Ullah et al., 2017;
Fahma et al., 2011). The peaks at 1654 cm™" with a tr-
asmittance of 36.1% were linked to the C=0 stretching
of amide | (Skoog et al,, 1998; Bentley) and the N-H
stretching of proteins (Xiang et al., 2016) originating
from the amide Il band at 1541 cm™ with a transmit-
tance of 36.2% (Yang et al,, 2019). Finally, the peaks
at 1149 cmm™"and 1022 cm™ with the transmittances
of 31.5% and 29.2%, respectively, were assigned to
the C-O group stretching of carbohydrates and lignin
(Ullah et al., 2017; Popescu et al., 2009). Overall, the
FTIR results revealed that the adsorbents exhibited a
multitude of functional groups, which have the poten-
tial to play a role in the adsorption of Pb(ll) and Cu(ll).
Furthermore, increasing the NaOH concentration in
the activating reagent reduced the transmittance of
functional groups, shown by the curve with a higher
concentration of NaOH below the curve with a lower
concentration of NaOH. In other words, increasing the
NaOH concentration may result in an enhancement in
the g, of the adsorbent.

XRD analysis

The results of XRD analysis for TW, TW 0.2, TW 0.4, and
TW 0.6 are shown in Fig. 2. As depicted in Fig. 2, the
XRD patterns were utilized to assess the crystal struc-
ture and the impact of increasing NaOH concentration
in the adsorbent activation. These adsorbents of TW,
TW 0.2, TW 0.4, and TW 0.6 primarily consisted of cel-
lulose, hemicellulose, and lignin. However, due to the
presence of cellulose, the adsorbents consist of both
crystalline and amorphous (non-crystalline) regions,
with the non-crystalline portion primarily containing
hemicellulose and lignin (Ma and Mu, 2010).

As shown in Fig. 2, it is evident that all the adsorbents
exhibit a consistent trend. Initially, the adsorbents dis-
played distinct characteristic diffraction peaks at ap-
proximately 20.6°, with minor 26 peaks at 15.4° and
34.7°, indicating the presence of cellulose crystal re-
gions and a cellulose I-type crystal structure (Veldsquez
etal,, 2016; Wen et al., 2017). Fig. 2 also demonstrates a
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slight increase in the crystallinity of the TW treated with
the NaOH activating reagent. It may be due to the hy-
drolysis occurring in non-crystalline sections, particu-
larly within hemicellulose and lignin (Wang et al., 2019).

Fig. 2. The XRD for (a) TW, (b) TW 0.2, (c) TW 0.4 and (d) TW 0.6
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Fig. 3. The SEM for (a) TW, (b) TW 0.2, (c) TW 0.4 and (d) TW 0.6
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SEM analysis

Fig. 3 displays the SEM micrographs (500X) and the mi-
crostructural alterations in TW, TW 0.2, TW 0.4, and TW
0.6. The difference in surface characteristics between
the TW adsorbent and the TW adsorbent activated with
0.2, 0.4, and 0.6 M NaOH can be clearly seen in Fig. 3.

TW showed a solid surface with the smooth texture and
small pores with thick pore walls. Meanwhile, TW 0.2, TW
0.4, and TW 0.6 exhibited porous and dense structures
with thinner pore walls. This suggests that a higher con-
centration of NaOH for activation resulted in the forma-
tion of a greater number of larger pores on the surface
of TW. This phenomenon might involve the breakage of
chemical bonds in proteins, cellulose, hemicellulose, and
lignin, leading to the removal of these chemical com-
pounds from the TW cell walls. This present finding is
in line with a previous study indicating that the chemical
compounds in okara can be removed through acid-base
modification (Ullah et al., 2017). Furthermore, Fig. 3
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illustrates that the highest concentration of NaOH trans-
formed the TW surface from a lumpy configuration into
flakes that aggregated together, reduced the TW parti-
cle size, and generated more pores on the TW surface.
This outcome might be reasonable since the NaOH treat-
ment of the biosorbent results in surface ruptures and
increased porosity (Iglaho et al., 2020).

Effect of contact time on adsorption capacity

The impact of contact time on the g for Pb(ll) and Cu(ll)
using TW 0.6 at the C, was 499.51 and 499.92 mg/L, re-
spectively, as shown in Fig. 4. Within the initial 10 min,
the g increased significantly, reaching values of 99.76
mg/g and 87.81 mg/g, respectively. The initial 10-min
contact time should represent the initial phase of the
fast adsorption for the adsorbate onto the adsorbent.
Typically, the initial phase of adsorption is governed
by the diffusion of the adsorbate from the aqueous
phase into the solid phase of the adsorbent (Medhi et
al.,, 2020). Beyond this 10-min threshold, the change in
the g was very small. The adsorption capacity of the
adsorbent almost does not change after 10 min, and it
stabilizes after 20 min. The intraparticle diffusion be-
tween the adsorbate and the biosorbent might be very
slow after 20 min because most of the active sites get
saturated, leading to a stabilization in the adsorption
process. The intraparticle interactions are the form of
Van der Waals forces, electrostatic attraction, and the
presence of functional group bonds (Marlina et al,
2020). In this stage, the t, of 40 min was chosen, and
the g,obtained was 99.86 mg/g and 87.83 for Pb(ll) and
Cu(ll), respectively.

Fig. 4. The q over contact time for Pb(ll) and Cu(ll) at the C, being
499.51 and 499.92 mg/L, respectively
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Effect of concentration of NaOH on adsorption
capacity

Fig. 5 shows the effect of NaOH concentration on the
q.for Pb(ll) and Cu(ll). It appears that the influence of
the increase in NaOH concentration on the g, for Pb(ll)
is not significant. The increase in NaOH concentration
from 0.2 M to 0.4 M resulted in only a 0.181% increase
in the adsorption capacity of Pb(ll), and for the increase
in NaOH concentration from 0.2 M to 0.6 M, the adsorp-
tion capacity of Pb(ll) increased by only 0.251%.

On the other hand, in Cu(ll) adsorption, the rise in ad-
sorption capacity is more pronounced than in Pb(ll). The
increase in NaOH concentration from 0.2 M to 0.4 M leads
to a 4.924% boost in Pb(ll) adsorption capacity, and an
increase from 0.2 Mto 0.6 Mresults in a 4.972% rise. This
heightened adsorption capacity due to increased NaOH
activator concentration aligns with findings from prior
studies. Higher NaOH concentration releases more vol-
atile matters, decreasing the transmittance of chemical
functional groups. Consequently, more potential pores
and adsorption surface area are formed, contributing to
higher adsorption capacity (Muslim et al., 2007; Syahid-
din and Muslim, 2018). As anticipated in the FTIR results,
TW 0.6 exhibits the lowest transmittances for all chem-
ical functional groups, leading to the highest adsorption
capacity for Pb(ll) and Cu(ll).

Overall, the adsorption capacity for Pb(ll) on the adsor-
bents is higher than Cu(ll), as shown in Fig. 5. This trend
is reasonable because the hydrated ionic radius of Pb(ll)
is 4.01 A, which is smaller than that of Cu(ll) ions, which is
419 A leading to the better adsorption for Pb(ll) compared

Fig. 5. The q.for Pb(ll) and Cu(ll) on various NaOH concentration at
the C, being 499.51 and 499.92 mg/L, respectively

115

110 A @cu(l)
c @ Pb(ll)
® 105 -

= 99.39 99.61 99.86
Z 100 -

=]

3

2 95 -

(8]

5 90 4 87.83

I

5 85 -

o

< 80 4

75
T™W TWO0.2 TWO0.4

Adsorbent Types

TW 0.6



Environmental Research, Engineering and Management

with Cu(ll). The relation between hydrated radii of metal
ions and adsorption affinity on adsorbents generally fol-
lows the trend that smaller hydrated radii correspond to
stronger adsorption affinity (Goel et al., 2004). Smaller hy-
drated radii mean that metal ions have lower charge den-
sities, making them easier to approach and interact with
the adsorbent’s surface (Dharmapriya et al., 2021).

Adsorption kinetic

In the adsorption kinetic study, there are only two ad-
sorption plots using the TW 0.6 for Pb(ll) and two ad-
sorption plots for Cu(ll) presented as examples. These
plots correspond to the data shown in Fig. 4, which can
be observed in Fig. 6 and Fig. 7, respectively.

Fig. 6. The adsorption kinetic of Pb(ll) based on (a) LPFOK model and
(b) LPSOK model for TW 0.6
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The adsorption kinetic parameters are summarized in
Tables 2 and 3 along with the fitting results of other adsor-
bents. As shown in Figs. 6 and 7, and Tables 2 and 3, both
Pb(ll) and Cu(ll) adsorptions fitted very well in the LPSOK
model. These results implied that both adsorbates took
place on the surface of adsorbent (Robati, 2013). There
should be chemical bonding between the adsorbates and
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Fig. 7. The adsorption kinetic of Cu(ll) based on (a) LPFOK model
and (b) LPSOK model for TW 0.6
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a multitude of functional groups on the surface of adsor-
bents, as described in the FTIR result. The rate-limiting
step of Pb(ll) and Cu(ll) adsorption are chemisorption
whereas the adsorption process of Pb(ll) and Cu(ll) are
controlled by the chemical reaction between the adsorb-
ates and the adsorbent surface (Emmanuel et al., 2020).
As listed in Table 2, the Pb(ll) adsorption capacity and
the kinetic rate constant are identically not proportion-
al to each other, and the rising NaOH concentration in-
creased the speed of Pb(ll) adsorption. In contrast, the
Cu(ll) adsorption capacity increased, the Cu(ll) kinetic rate
constant decreased, and the rising NaOH concentration
decreased the speed of Cu(ll) adsorption, as can be seen
in Table 3. The speed of adsorption is directly proportion-
al to the adsorption rate constant in the LPSOK model
(Zhang, 2019). In addition, adsorption kinetics showed
that the maximal adsorption capacity was achieved with
TW 0.4 at the initial adsorbate concentration of 499.51
mg/L. However, to identify the most effective adsorbent
in relation to adsorption capacity, adsorption tests should
be conducted across a broad spectrum of initial adsorb-
ate concentration. This challenge can be addressed by
examining the overall adsorption capacity through an ad-
sorption isotherm study (Chen et al., 2022).
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Table 2. The obtained constants of the Pb(ll) adsorption kinetic

The Pb(ll) LPFOK Model The Pb(ll) LPSOK Model

q. K, R? q. K, R?
TW 2813 | 0.060 | 0.266 99.005 0.442 @ 0.999
TWO0.2 195 0029 0247 99701 0718  0.999
TWO0.4 | 8472 00214 0375 99.800 @ 3333  0.999
TWO0.6 0.085 | 0.0164 | 0.021 100.000 11.111  0.999

Adsorption isotherm

Figs. 8 and 9 show a examples of the adsorption iso-
therm plots for Pb(ll) and Cu(ll), respectively, using TW
0.6 with the C, ranging within 9.89-499.51 mg/L and
10.08-499.92mg/L, respectively. Fig. 10(a) and Fig. 10(b)
display an example of the adsorption isotherm plots

Fig. 8. The adsorption isotherm of Pb(ll) based on (a) LLAI model
and (b) LFAI model using TW 0.6
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Table 3. The obtained constants of the Cu(ll) adsorption kinetic

The Cu(ll) LPFOK Model The Cu(ll) LPSOK Model

q. K, R? q. K, R?
™™ 3286 0042 0176 83333 1440 0.999
TWO0.2 3307 | 0065 0293 83333 0720 0.999
TWO04 5837 0077 0293 87718 0.433 0.999
TWO0.6 3896 0021 0288 87719 0.001 0.999

based on the LBETAI model for both Pb(ll) and Cu(ll).
Fig. 10(a) and Fig. 10(b) show the LBETAI plot for Pb(ll)
and Cu(ll) at the same range of initial adsorbate con-
centration. The adsorption isotherm results for all the
adsorbents are listed in Table 4.

Fig. 9. The adsorption isotherm of Cu(ll) based on (a) LLAI model
and (b) LFAI model using TW 0.6
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Fig. 10. The adsorption isotherm based for LBETAI model for (a) Pb(ll) and (b) Cu(ll) using TW 0.6
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Based on Figs. 8 and ¢, as well as Table 4, the Lang-
muir isotherm yielded the best fit, with average R?val-
ues of 0.939 and 0.988 for Pb(Il) and Cu(ll), respectively.
Meanwhile, the average R2 values for the Freundlich
isotherm were 0.772 and 0.735, respectively. Due to the
negative n value of Cu(ll), the Freundlich isotherm may
not be the most suitable model for describing the ad-
sorption behavior. Additionally, the Langmuir isotherm
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proved to be reasonable in this case because the ad-
sorbate monolayer on the adsorbent surface is gener-
ally associated with pseudo-second-order kinetic ad-
sorption (Muslim, 2017; Islam et al., 2021), which aligns
with the LPSOK result discussed earlier. Meanwhile,
the average R? values for the Freundlich isotherm were
0.772 and 0.735, respectively. Due to the negative n val-
ue of Cu(ll), the Freundlich isotherm may not be the

Table 4. The obtained constants of the Pb(ll) and Cu(ll) adsorption isotherm

Model Adsorbate Parameter

RZ
9,,(mg/g)
K, (L/mg)

RZ
9, (mg/g)
K, (L/mg)

RZ
Pb(Il) n

K-(L/mg)
RZ
Cu(l) n
K(L/mg)
RZ
as (mg/qg)
CBET (L/mg)
RZ
gs (mg/g)
CBET (L/mg)

Pb(ll)

LLAI

Cu(ll)

LFAI

Pb(ll)

LBETAI

Cu(ll)

Adsorbent
W TW0.2 TW 0.4 TW 0.6
0.931 0.932 0.902 0.993
59.172 72.993 76.336 77.519
0.021 0.038 0.029 0.053
0.961 0.994 0.998 0.999
68.027 86.956 90.090 91.743
0.071 0.797 1.521 2.019
0.709 0.722 0.775 0.882
1.515 1.626 1.605 1.577
2.042 3.969 3.435 4.428
0.801 0.837 0.434 0.869
-6.978 -24.449 -39.525 -36.363
147.231 105.123 99.197 101.788
0.969 0.968 0.956 0.995
25.126 42.553 45.662 50.505
36.182 39.167 27.375 49.500
0.849 0.972 0.988 0.991
48.077 76.923 81.433 84.388
41.600 130.000 153.500 237.000
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most suitable model for describing the adsorption be-
havior. Additionally, the Langmuir isotherm proved to
be reasonable in this case because the adsorbate mon-
olayer on the adsorbent surface is generally associated
with pseudo-second-order kinetic adsorption (Muslim,
2017; Islam et al., 2021), which aligns with the LPSOK
result discussed earlier.

As anticipated from the FTIR results, the influence of
NaOH concentration on the adsorption capacity of Pb(ll)
and Cu(ll) is clearly demonstrated in Table 2. The ad-
sorption capacity exhibited a noticeable increase with

Conclusions

The study focuses on creating an adsorbent from tofu
waste (TW) to remove Pb(ll) and Cu(ll). Higher NaOH
concentrations were found to enhance the adsorption
capacity of tofu waste (TW). XRD analysis showed in-
creased crystallinity post NaOH treatment, identifying
cellulose, hemicellulose, and lignin in the adsorbent.
SEM analysis revealed larger pores with higher NaOH
concentrations, leading to a reduction in adsorbent
size. Optimal adsorption occurred in 40 mins, reach-
ing 99.86 mg/g and 87.81 mg/g for Pb(ll) and Cu(ll)
using TW activated by 0.6 M NaOH. Pseudo second-or-
der kinetics model fit well, with Langmuir isotherm
showing the best fit for adsorption with a maxi-
mum overall adsorption capacity of 77.519 mg/g and
91.743 mg/g, respectively. BET study indicated satura-
tion capacities and total pore volumes of 50.505 mg/g
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