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ABSTRACT

In this work, paper waste sludge (PWS) collected from the primary settling tank of the paper wastewater
treatment plant was utilized to generate hydrochar as a low-cost adsorbent for Cr(VI) removal from aqueous solution.
The characteristics of paper waste sludge hydrochar (PWSH) and the effect of Cr(VI) adsorption conditions onto
PWSH, including solution pH (3-9), contact time (5-240 min), initial Cr(VI) concentration (10-80 mg/L) and the
adsorbent dose of 1 g/L at room temperature (25+2°C) were investigated. Adsorption isotherm and kinetics were also
predicted in this work. The results indicate that the maximum adsorption capacity achieved 11.89 mg/g at 120 min of
contact time, pH 3, and initial Cr(VI) concentration of 60 mg/L. The adsorption isotherm was reflected the best by the
Langmuir model (R? of 0.9968). Whereas, the adsorption kinetic also indicates that the pseudo-second-order model
predicted the best for Cr(VI) adsorption process with a R? of 0.9469. The mechanism of Cr(VI) adsorption process
onto PWSH was chemical sorption through electrostatic interaction and ion exchange.
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1. Introduction from many industrial wastewater sources,

Chromium is a harmful element that has consisting of leather tanning, electroplating,
been discharged into receiving water bodies ~Metal processing, paint manufacturing, steel
fabrication, dyes, chromate preparation,
*Corresponding author, Email: tapvh@tnus.edu.vn pigmentS, inks, cement, mining, glass,
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ceramics, rubber, and fertilizers (Sheth and
Soni, 2005). Hexavalent chromium (Cr(VI))
and trivalent chromium (Cr(Ill)) are the two
main existing forms of chromium in the
aqueous solution (Ali et al., 2016). In a water
environment, Cr(VI) is more mobile and toxic
than Cr(IIl) about 10-100 times (Vu et al.,
2019). For humans, Cr(VI) is more harmful
due to causing lung disease, cancer, and other
health problems (Khushk et al., 2019).
To date, there have been
techniques that are applied to remove Cr(VI)
from such as  chemical

precipitation, adsorption, electrocoagulation,

several
wastewater

ion exchange, membrane  separation,
reduction, and biosorption (Hoang et al.,
2019). Among the above-mentioned methods,
adsorption is one of the interesting techniques
for Cr(VI) the
environment. Recently, hydrochar has been

widely studied to remove pollutants from

removal from water

wastewater due to simple production at low
temperature and cost, so it can be used as an
effective and low-cost adsorbent. For
instance, the agricultural wastes derived
hydrochar modified by KOH were prepared
and used to remove Cr(VI) from an aqueous
solution (Khushk et al.,, 2019). In another
study, KOH and H3;PO4 modified hydrochars
derived from hickory and peanut were applied
to adsorb methylene blue and lead from
aqueous solutions (Fang et al., 2017).
Methylene blue (MB) dye solution was also
removed by the hydrochar prepared from male
oil palm flower (Said et al., 2020). Other
hydrochars were also prepared from biomass-
Salix as a low-cost sorbent for the removal of
Cr(V]) from an aqueous solution (Lei et al.,
2018). In 2020, bisphenol A and diuron were
also removed by an adsorption process using
Argan Nut Shell-derived hydrochar (Zbair et

al., 2018).
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Annually, there has been a huge amount of
paper waste sludge discharged from
wastewater treatment systems all over the
world. In Vietnam, the amount of paper waste
sludge was released approximately 300
kg/day at each factory. This paper waste
sludge was usually used as fuel to provide
heat for boilers and other manufacturing
processes. However, the utilization of this aim
was not effective due to its high moisture and
energy consumption.

In the present work, a hydrochar derived
from paper sludge
discharged from pulp and paper production
process collected from primary settling tank
was developed as an effective, low-cost, and
new adsorbent for Cr(VI) removal from
aqueous solution. The utilization of the paper
waste sludge to prepare the hydrochar for the
adsorption of Cr(VI) can remarkably
contribute to both solid waste management
and the production of an environmentally
friendly material for the treatment of a toxic
trace metal. The aim of this study, therefore,
was to develop an absorbent from paper waste
sludge as a novel hydrochar that was modified
by NaOH based on in situ steps for Cr(VI)
aqueous The
experiments were conducted to evaluate the
effects of pH, contact time, and initial Cr(VI)
concentration on adsorption of Cr(VI) onto
hydrochar. Adsorption isotherm and kinetics
of Cr(VI) onto hydrochar were also used to
describe the adsorption mechanism of Cr(VI)
from aqueous solution.

waste which was

removal from solution.

2. Materials and methods

2.1. Preparation of NaOH modified
hydrochar
At the beginning of the hydrochar

fabrication process, the paper waste sludge
was collected from the primary settling tank
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in the wastewater treatment system of Hoang
Van Thu Paper Joint Stock Company, Thai
Nguyen city, Thai Nguyen province, Vietnam.
In the next step, a certain amount of paper
waste sludge was dried in an oven at
105°C for 48 h. Subsequently, hydrothermal
carbonization of PWS was conducted in a
Teflon-lined stainless steel autoclave reactor.
The  hydrothermal  carbonization  was
performed as follows: firstly, 10 g of above-
dried paper waste sludge was mixed with
40 mL of NaOH 0.25 M and put into a
Teflon-lined stainless steel autoclave reactor
of 300 mL. Later, the autoclave was heated at
200°C for 24 h with a heating rate of 10°C in
a furnace. At the end of the process, it was
taken out from the furnace and cooled to
ambient temperature (Qian et al., 2018). The
obtained hydrochar was filtered and washed to
discard residues with deionized water until pH
of 7.0, then dried at 105°C for 2 h. Finally, the
obtained hydrochar was sieved to a size of
less than 0.5 mm and stored in the bag for the
next usage.

Characteristics of PWSH were evaluated
via measurements of BET using Brunauer-
Emmett-Teller (BET- BET, Builder, SSA-
4300), scanning electron microscope (SEM)

images of  energy-dispersive X-ray
spectroscopy (Hitachi S-4800), FTIR of
Fourier transform infrared spectroscopy

(FT/IR-6300) in the 4000-500 cm™ ranges.
The pH at the point of zero charges (pHpzc)
was determined by the shift method (Zhao et
al., 2016).

2.2. Batch adsorption experiments

In this work, a wide range of parameters of
the adsorption process of Cr(VI) onto PWSH
that consisted of pH (2-9), contact time (5-
240 min), and initial Cr(VI) concentration
(10-80 mg/L) were examined to determine the
adsorption capacity, adsorption isotherm and
kinetics of Cr(VI) onto PWSH. All batch
adsorption experiments were conducted in

Erlenmeyer flasks of 50 mL containing 25 mL
of solution with initial Cr(VI) concentration,
pH wvalues, and contact time as above
mentioned and 1 g/L of PWSH. In detail,
towards the experiments for the effect of the
pH value, the contact time, and initial Cr(VI)
concentration were kept constant at 60 min
and 30 mg/L, respectively. Adsorption time
was varied from 5 to 240 min to evaluate the
effects of contact time on Cr(VI) adsorption
onto PWSH with the suitable pH value found
in the previous experiment, PWSH dosage of
1 g/L and 30 mg/L of initial Cr(VI). For the
experiment about investigation effect of the
initial Cr(VI) concentration, the initial Cr(VI)
concentration was varied from 10 to 80 mg/L
with the suitable pH and contact time found in
the previous experiments. The flasks were
then shaken at 120 rpm on a shaker (PH-4A,
China) at the room temperature of 25+2°C. At
the end of each experiment, the samples were
filtered using a @45 pm filter membrane to
separate solid from the liquid.

The obtained liquid solution then was used
to determine left Cr concentration using
Inductively Coupled Plasma - Optical
Emission Spectrometry (ICP-OES, Model:
ULTIMA EXPERT, Horiba, France). Cr(VI)
standard solution was used to set up the
Cr(VI) standard curve by the software of ICP-
OES equipment. In the next step, the samples
containing Cr(VI) before and after the
adsorption  process automatically
pumped into a plasma incineration chamber in
which oxidation reaction occurred and ICP-
OES would automatically and
computed Cr concentration in samples based
on the standard curve.

The Cr(VI) amount adsorbed onto PWSH
at any time t (q, mg/g) and equilibrium

Were

analyze

(qe, mg/g) were determined by the equations
as follows:
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(A4
-y
q,= 7 (2)

where, Cy, C; and Ce(mg/L), respectively, are
concentrations of Cr(VI) at beginning time,
any time ¢, and equilibrium. V(L) is the
volume of solution (L) and W(g) is the dry
amount of PWSH.

2.3. Adsorption isotherm and kinetic

The Langmuir, Freundlich and Sips models
were used to analyze the adsorption isotherm
of Cr(VI) onto PWSH. The Langmuir and
Freundlich models presume that the
adsorption process is monolayer adsorption
(Langmuir, 1918), multilayer adsorption
(Zhang et al., 2018), respectively and the Sips
model is a combination of the Freundlich and
Langmuir models (Zhou et al., 2018). The
following Equations of (3), (4) and (5) were
applied to describe the Langmuir, Freundlich
and Sips models, respectively:

_ qmKCe
Qe = 1ik,c. (3)
1
qe = KpCy (4)
1
o = el )
1+(bCe)n

where, ¢g. (mg/g) and ¢, (mg/g) and C, (mg/L)
are the adsorption capacity at equilibrium, the
maximum saturated adsorption capacity, and
the adsorbate concentration at equilibrium; K.
(L/mg) is the Langmuir constant related to the
energy of the adsorption, and Kr (mg/g) is the
Freundlich constant.

Whereas, equations of (6) and (7) were
used to describe the pseudo-first-order and
pseudo-second-order models, respectively.
These models were used to analyze adsorption
kinetics.

qr = qe(1 - e~fat) (6)
__ qgkat
qe = 1+qekat (7)
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where, q. (mg/g), q (mg/g), ki (min),
k, (g/mg.min), o (mg/g min) and B (g/mg) are
the adsorption capacity at equilibrium and at
time t, the first-order rate constant, the
second-order rate constant, the initial
adsorption rate and the adsorption constant,
respectively.

2.4. Data analysis

All experiments were performed in
duplicate. All data statistics, including means,
standard  deviations, relative  standard
deviations and regressions (linear) were
computed with tools in MS excel software and
origin 9.0 software. The highest acceptable
deviation was 5%. The error bars indicating
the standard deviation were shown in all
figures wherever possible.

3. Result and discussion

3.1. Characteristic of paper waste sludge
hydrochar

The BET surface area (Sger) and total pore
volume of PWSH were smaller than
2 m%*g and 0.001 cm’/g, respectively. Fig. 1
shows the characteristics of paper waste
sludge hydrochar after treated by NaOH. The
results of SEM analyses indicate the surface
morphology of PWSH (Fig. 1a). From Fig. 1a,
as can be seen, the paper waste sludge
hydrochar possessed a porous and rough
structure. The dominant functional groups on
the PWSH’s surface were identified by the
FTIR spectra (Fig. 1b). The data from Fig. 1b
shows there was a broad peak at around 3699
and 2914 cm’ assigned to the vibration of
O-H stretching and C-H groups, respectively.
The peak at 2523 cm™ contributed to the O-H
group. Whereas, these peaks at 1794 cm™,
1159 em™, 916 cm™, 873 cm™, and 661 cm™
indicate the presence of the carbonate group’s
C-O stretching vibration (Nan et al., 2008;
Tizo et al., 2018).
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Figure 1. Characteristics of PWSH: (a) SEM image, (b) FTIR spectra
3.2. Effect of pH (Ullah et al, 2013). Thereby, Cr(VI)

The pH value of an aqueous solution
containing Cr(VI) is one of the major factors
affecting on adsorption process of Cr(VI) onto
PWSH. In this study, a wide range of solution
pH values from 2 to 9 were investigated for
Cr(VI) adsorption process at initial Cr(VI)
concentration of 30 mg/L, PWSH dosage of
1 g/L, and contact time of 60 min at room
temperature  (25+2°C). The adsorption
capacity and removal efficiency of Cr(VI) are
presented in Fig. 2. As can be seen from
Fig.2, the adsorption capacity of Cr(VI) onto
PWSH decreased with increased solution pH
values from 3 to 9. In detail, at pH 3, the
maximum adsorption capacity and removal
efficiency of Cr(VI) achieved 5.96 mg/g and
39.75%, respectively. This can be explained
as due to the co-existence of various forms of
Cr(VD) in the solution. With the solution pH
of 3, the dominant form of Cr(VI) was HCrO4
(Akram et al., 2017) and CrO4* at higher pH
values (Huang et al., 2015). Additionally, the
surface of hydrochar is positively charged at
low pH and negatively charged at high pH

adsorption capacity and efficiency were
higher at low pH value due to protonation and
electrostatic attraction between HCrO, and
acidic functional groups of PWSH. There was
an increase in the number of protons on the
PWSH’s surface at lower pH leading to the
enhancement of the attraction between HCrO4
and functional groups on PWSH’s surface.
However, with the increase in the pH value,
the adsorbent’s surface became negatively
charge resulting in the generation of repulsive
forces between Cr(VI) ions and adsorbent
(Akram et al, 2017). Therefore, the
adsorption capacity of Cr(VI) onto PWSH
decreased with the increase in solution pH. In
the present work, a suitable solution pH for
Cr(VI) adsorption onto PWSH was 3. A
similar trend was reported by previous works
such as the reports of Cr(VI) adsorption onto
bio-composite of mango (Mangifera indica)
(Akram et al.,, 2017), magnetic biochar
derived from Melia azedarach wood (Zhang et
al., 2018), and magnetic modified-corncob
biochar (Hoang et al., 2019).
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Figure 2. Effect of pH on Cr(VI) adsorption onto
PWSH. Experimental conditions:
Cr(VI): 30 mg/L, adsorbent dose: 1 g/L,
contact time: 60 min

3.3. Effect of contact time

The effect of contact time on Cr(VI)
adsorption was investigated up to 240 min at
pH 3, 30 mg/L of initial Cr(VI) concentration,
and PWSH dosage of 1 g/L. The results of
Cr(VI) adsorption capacity and efficiency are
demonstrated in Fig. 3. Obviously, there was a
rapid increase in adsorption capacity and
removal efficiency of Cr(VI) by PWSH when
contact time went up from 5 min to 120 min.
By further increasing up to 150 min,
adsorption capacity and removal efficiency of
Cr(VI) increased slightly and remained almost
constant with higher contact time. This trend
can be explained that at the initial stage of the
adsorption process, active sites on the
hydrochar’s surface were freely available to
bind Cr(VI) leading to quick adsorption.
However, there was a decrease in active sites
corresponding to slow adsorption with further
increasing of contact time (Gupta and
Balomajumder 2015). A similar trend was
reported by previous works in Cr(VI)
adsorption from aqueous solution by
feedstock hydrochar (Iyer et al., 2019) and
freshwater snail shell (Vu et al., 2019).
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Figure 3. Effect of contact time on Cr(VI)
adsorption onto PWSH. Experimental conditions:
Cr(VI): 30 mg/L, adsorbent dose: 1 g/L, pH: 3

3.4. Effect of initial Cr(VI) concentration

Initial Cr(VI) concentration varied from 10
to 80 mg/L at pH 3, adsorbent dose of 1 g/L,
120 min of contact time at room temperature
to evaluate the adsorption capacity and
removal efficiency of Cr(VI) onto PWSH.
The obtained results are illustrated in Fig. 4.
What stands out from the data in Fig. 4 is that
the adsorption capacity increased linearly
from 3.64 mg/g to 11.89 mg/g corresponding
to an increase in initial Cr(VI) concentration
from 10 mg/L to 60 mg/L and remained
nearly constant with  further  higher
concentration. This trend can be explained
that although there were constantly available
active sites on PWSH's surface for all
experimental conditions there was an increase
in the amount of Cr(VI) ions from solution
leading to the increase in the ratio of the
amount of Cr(VI) ions and the available
adsorption sites, thus, more Cr(VI) ions were
adsorbed on PWSH (Huang et al., 2015). On
the contrary, the removal efficiency of Cr(VI)
decreased from 72.70% to 31.00% with an
increase in initial Cr(VI) concentration from
10 mg/L to 80 mg/L due to the same amount
of PWSH for each adsorption condition but
initial  Cr(VI) concentration increased.
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Therefore, most Cr(VI) ions were attracted by
PWSH’s  surface with low  Cr(VI)
concentration in solution but there were still
some Cr(VI) ions that were not adsorbed with
increasing Cr(VI) concentration in solution
leading to a decrease in the removal
efficiency. Similar trends were recorded in the
adsorption of heavy metals onto natural
limestone (Sdiri et al., 2012), Cr(VI) removal
by magnetite snail shell (Hoang et al., 2020),
and wheat shell (Saha et al., 2012).

15 80
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Figure 4. Effect of initial Cr(VI) concentration on
Cr(VI) adsorption onto PWSM. Experimental
conditions: pH: 3, contact time: 120 min,
adsorbent dose: 1g/L

3.5. Adsorption isotherm

In order to analyze the adsorption isotherm
of Cr(VI) onto PWSH,
including Langmuir, Freundlich, and Sips,

several models,

were used to fit experimental data. The
calculated data from fitting three isotherm
models are presented in Table 1 and Fig. 5.
What stands out from the data in both Table 1

models were fitted well with experimental
data with a high correlation coefficient (R?) of
0.9968, 0.9969 and 0.9896 for Langmuir,
Sips and Freundlich models, respectively.
However, the Langmuir model described the
best adsorption of Cr(VI) onto PWSH with
the calculated qm of 16.54 mg/g compared to
Jmexp (12.40 mg/g). This illustrated that the
monolayer adsorption or a fixed number of
active sites on PWSH’s surface and Cr(VI)
ions were the main adsorption mechanisms
(Shang et al., 2016). The adsorption of Cr(VI)
also was favorable based on Langmuir,
Freundlich and Sips models due to the low Ry
value of Langmuir model of 0.0202 < 1, K¢
value > 1, the 1/n and b values < 1 (Hoang et
al., 2020). Similar results were reported by
previous studies of Cr(VI) adsorption by
magnetic multi-wall carbon nanotubes (Huang
et al., 2015) and agricultural waste biomass
(Garg et al., 2007).
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Figure 5. Adsorption isotherm of Cr(VI) onto

and Fig. 5 is that all three adsorption isotherm PWSH
Table 1. Adsorption isotherm parameters of Cr(VI) onto PWSH
Langmuir model Freundlich model Sips model Qmexp (ME/L)
gm(mg/g)| K R’ Kr 1/n R’ |qu(mg/g)| 1/n b R’ 1189
16.54 |0.0202 | 0.9968 | 1.0065 | 0.587 |0.9896 | 20.64 |0.911|0.0218 |0.9969
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3.6. Adsorption kinetic

Adsorption kinetics of Cr(VI) onto PWSH
are presented in Fig. 6 and Table 2. The
calculated results of correlation coefficient
values (R2) from pseudo-first-order and
pseudo-second-order models, respectively,
were 0.9125 and 0.9469. According to R2
values, the adsorption dynamic of Cr(VI) fit
fairly well to both models. Nevertheless, R? of
the pseudo-second order model was slightly
higher in comparison with the pseudo-first
order model. Besides, the calculated g value
of pseudo-first order and pseudo-second order
models reached 6.98 mg/g and 7.67 mg/g,
respectively. The calculated results illustrate
that both kinetic models were suitable to
describe Cr(VI) adsorption process by PWSH.
It also suggested that the Cr(VI) adsorption
process by PWSH was the chemical
adsorption through ion exchange and
electrostatic interaction (Kera et al., 2017).

The similar calculated results were reported
by other works, such as a study on using
activated charcoal (Sika et al., 2010) and
polypyrrole coated palygorskite (Yao et al.,
2012) for Cr(VI) removal from aqueous
solution.

q (mg/g)

2] ¢ @ Experimental data
- - - Pseudo-First-Order model fit
—— Pseudo-Second-COrder model fit

80 100 120 140 160 180 200 220 240

Time (min)

0 20 40 60

Figure 6. Adsorption kinetic models of Cr(VI)
onto PWSH

Table 2. Adsorption kinetic parameters of Cr(VI) onto PWSH

Pseudo-first order Pseudo-second order
. 5 . 5—{deexp (ME/E)
(m,cal (ME/g) K, (1/min) R Jm.cal (Mg/g) | Kz (g/mgxmin) R
6.98 0.02983 0.9125 7.67 0.00343 0.9469 7.43
4. Conclusions Langmuir model was 16.54 mg/g. Both
The paper waste sludge hydrochar pseudo-first-order and pseudo-second-order

(PWSH) was a good adsorbent for Cr(VI)
adsorption from aqueous solution. This study
showed the potential of reuse of solid waste
(paper waste sludge) as a low-cost adsorbent
for effective Cr(VI) removal from aqueous
solution. The adsorption results of Cr(VI)
onto PWSH at wvarious experimental
conditions indicate that suitable conditions of
Cr(VD) removal occurred at pH 3.0, the
contact time of 120 min, initial Cr(VI)
concentration of 60 mg/L, and PWSH dose of
1.0 g/L at room temperature. The maximum
adsorption capacity of Cr(VI) from aqueous
solution by PWSH was 11.89 mg/g. The
Cr(VI) adsorption capacity calculated by the
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models fit well to experimental data of Cr(VI)
adsorption. Additionally, the characteristics of
PWSH were very useful for Cr(VI) removal
from aqueous solution. However, this study
only was batch adsorption and was conducted
at a lab-scale. Thus, it is essential to further
investigate several criteria, including the
durability, desorption, and regeneration,
applicability, cost of this hydrochar other
studies to assess potentially reaching QCVN:

40-2011/BTNMT and application in practice.
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