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Abstract The adsorption behavior of the anionic dyes Remazol Brilliant Blue R (RBBR) and
Reactive Black 5 (RBS5) from aqueous solutions by polyethylenimine ozone oxidized hydrochar
(PEI-OzHC) was investigated. The adsorption capacities of both dyes increased with functionaliza-
tion of PEI in the hydrochar adsorbent. The results of surface characterization (FTIR, BET, TGA,
elemental analysis, and SEM) showed that PEI modification greatly enhanced the adsorbent surface
chemistry with a slight improvement of adsorbent textural properties. In addition, the adsorption
kinetics data showed an excellent adsorption efficiency as reflected in the high removal percentages
of the anionic dyes. The Isotherm results indicated that RBBR and RBS5 dye adsorption occurred
via monolayer adsorption, and chemisorption was the rate-controlling step. The PEI-OzHC adsor-
bent possesses higher maximum Langmuir adsorption capacity towards RBBR (218.3 mg/g) than
RBS5 (182.7 mg/g). This increase in adsorption capacity is attributed to the higher number of func-
tional groups in RBBR that interact with the adsorbent. This study reveals the potential use of
adsorbents derived from pine wood hydrochar in municipal as well as industrial wastewater treat-
ment. Furthermore, surface chemistry modification is proven as an effective strategy to enhance the
performance of biomass-derived adsorbents.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. 1. Introduction

The quality of drinking water plays an essential role for the
health and safety of not only human beings but also animals

E-mail address: e.hassan@msstate.edu (E.B. Hassan). and plants (Can, 2019; Hu et al., 2021). The last decade has
Peer review under responsibility of King Saud University. witnessed a drastic global increase in the usage of water due

FLSEVIER Production and hosting by Elsevier

to increased industrialization, urbanization, rapid human pop-
ulation growth, and more recently the COVID-19 pandemic
(Chakraborty et al., 2021; Duttagupta et al., 2021). As a con-

https://doi.org/10.1016/j.arabjc.2022.103757
1878-5352 © 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2022.103757&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:e.hassan@msstate.edu
https://doi.org/10.1016/j.arabjc.2022.103757
http://www.sciencedirect.com/science/journal/18785352
https://doi.org/10.1016/j.arabjc.2022.103757
http://creativecommons.org/licenses/by-nc-nd/4.0/

2

I. Elsayed et al.

sequence of the increased water consumption, the levels of
organic and inorganic pollutants such as pesticides, toxic met-
als, detergents, and dyes have increased sharply in all types of
water resources (Can, 2019; Liu et al., 2019; Sun et al., 2020).
Almost 1.6 million tons of dyes are fabricated annually to meet
the industrial necessity and roughly 10-15% of this volume is
disposed of as wastewater (Tan et al., 2015). Among these,
organic dyes are considered the most significant source of
water pollution (Mutembei et al., 2021). Reactive dyes are
the most widely used ones in the textile industry especially
the anionic dyes of Remazol Brilliant Blue (RBBR) and Rema-
zol Reactive Black (RBS). In recent years, several studies were
developed for the removal of organic dye pollutant from aque-
ous solutions (Hartikainen et al., 2016; Reghioua et al., 2021;
Jawad et al., 2022a; Jawad et al., 2022b).

Accordingly, the recent years have witnessed an increased
research toward the use of more efficient techniques and meth-
ods for the removal of these poisonous and hazardous dyes
and pigments from all water resources including industrial
wastewater (Dutta et al., 2021). The currently used techniques
include filtration (Kornaros and Lyberatos, 2006), coagulation
(Biswas et al., 2020), precipitation (Pohl, 2020), ion exchange
(Edgar and Boyer, 2021), ozonation (Nakamura et al., 2017),
reverse osmosis (Schroeder et al., 2021), advanced oxidation
(Grcic et al., 2017), and adsorption (John et al., 2018). Each
of these techniques has its own advantages and disadvantages.
However, among these purification techniques, adsorption is
considered the most efficient and economic one for the
removal of a wide range of contaminants including organic
dyes from both drinking water and wastewater (Barakan and
Aghazadeh, 2021; Jawad et al., 2022a). Adsorption takes place
when molecules (adsorbate) in a liquid bind themselves (either
physically or chemically) to the surface of a solid substance
(adsorbent).

Activated carbon is the most versatile and widely used
carbon-based adsorbent in water and wastewater purification
and recycling. This is mainly due to its large surface area, por-
ous nature that allows high adsorption capacity, good thermal
stability, variable surface chemical composition, and ability to
easily modify its surface to accommodate more adsorbates
(Begum, 2018; Wang et al., 2020d). Commercial activated car-
bon has been effectively used as an adsorbent for the removal
of reactive dyes in wastewater (Mohd Nasir et al., 2021). Com-
mercial activated carbon can be expensive (Rafatullah et al.,
2013), therefore, a cheap alternative to activated carbon,
hydrochar (HC) is both porous and has a surface that can also
be modified (Azzaz et al., 2020). In addition, the many polar
functional groups (e.g., carboxylic, lactone, phenol, and
hydroxyl groups) that develop on the surface of the HC during
the hydrothermal carbonization step make HC the most
attractive among all carbon-based adsorbents used in drinking
water as well as wastewater treatment (Azzaz et al., 2020). The
presence of these functional groups not only make HC more
selective toward specific pollutants, but also, and more impor-
tantly, helps with the addition (grafting) of other functional
groups to the surface of HC (Chen et al., 2021). To further
enhance the selectivity and/or reactivity of HC toward specific
dyes and contaminants, several methods have been used to fur-
ther modify the surface of pristine HC to introduce selective
functional groups able to interact with reactive dyes. These
modification methods include physical (e.g., ozone oxidation)
(Sajjadi et al., 2019), chemical (modifications using acids or

bases) (Wiedner et al., 2013), ultrasonic irradiation (Wang
et al., 2020b), and impregnation with metals and metal oxides
(e.g., TiO,, MgO, Fe;04, Fe,03) (Mengting et al., 2021).
Chemical modification of HC has two main objectives: car-
bonization and activation. These two objectives can be
achieved simultaneously with an activating chemical agent.
Achieving these two benefits has been reported to enhance
the performance of the HC as an amendment or as a sorbent.
Generally, chemical modification (activation) is performed
either using an acid (e.g., H3;POy) or an alkali (e.g., KOH,
NaOH) . Acid treatment increases the porosity of the HC
and makes its surface more acidic. On the other hand, alkali
pretreatment activates the HC through increasing the O-
functional groups as well as the surface basicity (Jais et al.,
2021).

Currently, the modification of the HC through the intro-
duction of functional groups into the carbon frame has
become a hot research topic. Amino modification of HC using
Polyethylenimine (PEI) is a promising and environmentally
friendly method of enhancing the adsorption activity of HC
towards organic pollutants (Jiang et al., 2019b; Wang et al.,
2020a). This is because PEI contains primary, secondary,
and tertiary amine groups allowing it to interact with organic
contaminants through electrostatic interactions and hydrogen
bonding (Sun et al., 2016). Several research groups reported
grafting of PEI on the surface of aerobic granules to increase
its sorption for organic dyes and several cations and anions
including heavy metal ions (Sun et al., 2011a; Wang et al.,
2015; Godiya et al., 2019; Suzaimi et al., 2019; Wang et al.,
2020c; Cho et al., 2021). In this study, a novel PEI- ozonized
HC (PEI-OzHC) adsorbent has been synthesized successfully
and used as an adsorbent for the removal of the anionic dyes
RBBR and RB5 from aqueous solutions. To the best of our
knowledge, no research has been reported on the study of
the adsorption of RBBR and RBS5 on the surface of PEI-
modified ozone oxidized HC (PEI-OzHC). The PEI-OzHC
adsorbent was characterized using FTIR, TGA, BET, pH,,.,
elemental analysis, and SEM. In addition, adsorption experi-
ments were carried out to investigate the effects of solution
pH, adsorbent dose, contact time, and initial RBBR and
RBS5 concentrations on the adsorption process.

2. Materials and methods

2.1. Chemicals and reagents

Analytical grade reagents, hydrochloric acid, sodium hydrox-
ide, sodium chloride, lead nitrate, ethanol, Remazol Brilliant
Blue R (RBBR, Sigma-Aldrich, CAS: 2580-78-1, Empirical
formula C5,H 6N,>Na,01;S;, MW: 626.54, Fig. 1a) and Reac-
tive Black 5 (RBS5, Sigma-Aldrich, CAS: 17095-24-8, Empir-
ical formula CysH,;NsNasO19Ss, MW: 991.8, Fig. 1b) were
obtained from Sigma Aldrich. Solutions used in this study
were prepared by using high purity deionized water (DI,
17.8 megohm-cm) purified with Thermo Scientific E-pure
Water purification system. RBBR and RBS5 stock solutions
(1 g/L) were prepared by dissolving 1 g of each dye in 1 L
of DI water. The concentrations of the stock solutions were
further diluted and used throughout the experiments. The
pH of the dye solution was adjusted using either 0.1 M
HCI or 0.1 M NaOH.
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Fig. 1 Chemical structures of: (a) Remazol Brilliant Blue R
(RBBR) and (b) Reactive Black 5 (RBS5) dyes.

2.2. Hydrochar preparation

Pine wood biomass was used in this study as feedstock to pre-
pare hydrochar. Dried pine wood chips (8-10% moisture con-
tent) were ground in a hammer mill. About 40 g of ground
wood (<20 mesh size) was mixed with 260 mL deionized
(DI) water in 600 mL stainless steel autoclave of Parr reactor.
The reactor was heated and held at 300 °C for 4 h with contin-
uous stirring at 500 rpm. Then, the reactor was cooled to the
ambient temperature and the hydrochar (HC) was collected.
HC was washed several times with DI water to remove other
impurities such as ash and dried at 100 °C in an oven. The
dried HC was then ground to a uniform size in a pestle for
homogeneity, stored in a sealed plastic bag, and its moisture
content was determined for further experiments.

2.3. Hydrochar ozone oxidation and optimization

Hydrochar ozone oxidation was performed by Ozone Solu-
tions generator (AZCO Industries VMUS-4S, CANADA).
The oxidation experiments were performed in a cylindrical
glass tube at room temperature at different times ranging from
60 to 360 min. Briefly, 3 g of dry hydrochar was added to the
cylindrical glass tube. The experimental setup has an inlet con-
nected to the ozone generator, which is first connected with an
oxygen cylinder. The outlet of the glass tube cylinder was cov-
ered with quartz wool to prevent escaping of hydrochar during
the flow. The oxygen flow rate was set to 3 L/min and the
ozone flow rate was 5 L/min. After each experiment, the ozo-
nized hydrochar (OzHC) samples were washed with DI water,

dried overnight, and used for the determination of carboxylic
content. The moisture content for the OzHC was determined
on a separate portion of the sample. Conductometric titration
was performed for each sample to determine the carboxylic
content and accordingly the optimum time for ozone oxida-
tion. The experiment with the optimum carboxylic content
was repeated several times to prepare enough quantity from
OzHC.

2.4. PEI modification of ozone oxidized hydrochar

Modification of the OzHC with PEI was performed similar to
the previous studies (Sun et al., 2011b; Ma et al., 2014). A20 g
portion of each OzHC was added to 200 mL of 10% (w/v)
PEI/methanol solution in a 500 mL conical flask. The PEI/
methanol/ OzHC solution was agitated at 200 rpm for 24 h
on an orbital shaker at 25 °C. The PEI-modified hydrochar
was subsequently filtered and transferred to a 200 mL of 5%
(w/v) glutaraldehyde solution for cross-linking. The solutions
continued agitation at 200 rpm on an orbital shaker for
30 min. Finally, the PEI modified hydrochar was filtered and
rinsed with deionized water and methanol to wash off any
unreacted PEI, then dried at 100 °C overnight. The PEI-
ozonized hydrochar (PEI-OzHC) was then stored in a sealed
plastic bag for further use.

2.5. Characterization of the hydrochars

Raw HC and PEI-OzHC were grounded individually in a grin-
der to produce homogeneous samples. CE-440 Elemental Ana-
lyzer (Exeter Analytical, North Chelmsford, MA Carbon) was
used to determine hydrogen, nitrogen, and oxygen content (by
subtraction). Functional group analysis study was performed
by using Thermo Scientific Nicolet iS50 FT-IR spectrometer
in the range 4004000 cm~'. Thermogravimetric analyses
(TGA) were performed using a Thermo Scientific SDT Q600
series Thermogravimetric Analyzer (TA instrument). The Sur-
face morphology of all tested hydrochars was studied using a
FE-SEM (JEOL JSM-6500F Field Emission Scanning Elec-
tron Microscope). Surface area, pore volumes, and pore diam-
eters were determined by nitrogen adsorption—desorption
isotherms at — 196 °C by a Quantachrome Autosorb iQ gas
sorption analyzer (Quantachrome ASIQC0500-5, USA).

2.6. Surface acidity and point of zero charge (PZC)
determination

Conductometric acid-base titrations were performed to deter-
mine the acidity of the PEI-OzHC. Briefly, a 0.5 g sample
was suspended in 60 mL of 0.01 M NaCl solution using a
mechanical stirrer and titrated against a standard 0.05 M
NaOH solution. The pH and conductometric titration data
were measured using an Oakton PC 2700 m. The PZC for
PEI-OzHC was determined by mixing 50 mg samples with
25 mL portions of 0.01 M NaCl solutions pre-adjusted to
pH 2, 4, 6, 8, 10 and 12 either using 0.1 M HCIl or NaOH.
Before mixing, the NaCl solutions were purged with N, gas
to remove dissolved CO,. The samples were agitated in a sha-
ker for 24 h at room temperature and the pH of the filtered
solutions were measured. The initial and final pH values were
graphically plotted to evaluate the PZC.
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2.7. Adsorption experiments

The adsorption performance of the PEI-OzHC was evaluated
in a batch of RBBR and RBS5 solutions. For both RBBR
and RBS adsorption, the influence of solution pH on adsorp-
tion performance was studied by adjusting the pH from 2 to
8 with one pH intervals using 0.1 M HCIl and 0.1 M NaOH
solutions. For this purpose, 30 mL of each solution was mixed
with 10 mg of the PEI-OzHC. The dye solutions with adsor-
bents were placed in a shaker and agitated at 200 rpm for
different time intervals ranging from 30 to —360 min.
After agitation, the samples were filtered with a 0.22 pm
syringe filter, and the dye concentrations in the filtrate were
determined using a Variant UV Spectrophotometer at
wavelength ~ 597 nm and ~ 593 nm, respectively. The adsorp-
tion capacity of the PEI-OzHC was determined using the fol-
lowing equation:

g =G (n

m

where Cy and C, (mg/L) are the initial and final concentrations
of dyes at time t, respectively, ¥ is the volume of adsorbate
solution (L), and m (g) is the dry weight of hydrochar.

Kinetic adsorption experiments were conducted by mixing
10 mg of the PEI-OzHC with 30 mL of aqueous dye solutions
of different initial concentrations (75,100 and 125 mg/L for
RBBR and 50, 75 and 100 mg/L for RBS5) at pH 6 and
30 °C. The samples were placed in a shaker at 200 rpm for dif-
ferent time intervals ranging from 30 to 360 min. The samples
were withdrawn at respective time intervals and filtered. The
concentrations of each dye in the filtrate were determined using
the UV Spectrophotometer and the adsorption capacity was
determined using Eq. (1).

Isotherms adsorption experiments were conducted by mix-
ing 10 mg of the PEI-OzHC with 30 mL of dye solutions with
different concentrations (5-1000 mg/L) at pH 6. The samples
were placed in the orbital shaker at 200 rpm for 4 h at different
temperatures of 15, 30, and 45 °C. At the end of each experi-
ment, the samples were filtered, and the adsorption capacity
was determined by using Eq. (1) as well.

3. Results and discussions

3.1. Ozone optimization of hydrochar

First, the highest carboxylic functional groups in the OzHC
was determined by time optimizing experiment. To achieve
this, a series of exploratory experiments were performed by
changing the ozonolysis time from 60 to 360 min (Fig. 2).
The carboxylic content of the raw HC (70 pmol/g) was
increased to 116 pmol/g after 60 min ozonolysis. Further
increase in the ozonolysis time led to gradual increase in the
carboxylic content of OzHC till reached maximum
(272.6 pmol/g) after 240 min. This increase in the carboxylic
content can be attributed to the cleavage and oxidation of cer-
tain (C = C) double bonds in the hydrochar (Kharel et al.,
2019). The OzHC can be oxidized through the electrophilic
ozonolysis mechanism of (C = C) double bonds in three steps
as proposed by Gomez et al. (Gomez-Serrano et al., 2002).
Any further increase in the ozonolysis time beyond 240 min
had no effect on the carboxylic content indicating the maxi-

280 |
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160 -

COOH content (micromole/g)

120 -

60 120 180 240 300 360
Ozone flow time (min)

Fig. 2
OzHC.

Effect of ozone time flow on the COOH content of

mum oxidation capacity. Accordingly, 240 min was deter-
mined as the optimum ozonolysis time in this study to
produce PEI-OzHC.

3.2. Characterization of raw and PEI-modified hydrochar

Combustion elemental composition and surface area results
for both HC and PEI-OzHC are presented in Table 1. The
N content in the PEI-OzHC (9.31%) was almost twenty-five
times higher than N content in HC (0.38). This result indicates
successful grafting of amine functional groups on the surface
of OzHC (Li et al., 2020). The specific surface area of PEI-
OzHC was slightly decreased from 5.209 to 3.764 m?/g after
the PEI grafting step. The decrease in surface area of PEI-
OzHC can be attributed to either partial filling of pores by
PEI or aggregation of PEI on the surface of the OzHC as sug-
gested by (Lv et al., 2018).

Fig. 3a, shows the FTIR spectra of the major functional
groups exist in both raw HC and PEI-OzHC. The broad absor-
bance band around 3400 cm~! belongs to O-H stretching
vibration of hydroxyl groups indicating the presence of alco-
hols and phenols on the hydrochar surface. The intensity of
this band was more pronounced in PEI-OzHC due to its over-
lap with N—H bending vibration band (Wang et al., 2020e).
The bands at 2935 and 2860 cm™! are attributed to C—H
stretching vibration in methyl and methylene groups. The band
at 1690 cm™" of raw HC is consistent with C=O stretching
vibrations of carboxylic acids and aldehydes. The strong peak
at 1665 cm™"' of PEI-OzHC can be attributed to the stretching
vibration of C=0 of amides or C=N of imines. The peaks at
1450 and 1350 cm™! were mainly assigned to C—N stretching
vibration (Ma et al., 2014; Jawad et al., 2020). The stretching
bands at 1265 and 1208 cm™' corresponds to the vibration
of C—0O—C bonds (Wang et al., 2020e). The peak at
1033 cm ! corresponds to the stretching vibrations of the C-
O bonds of ethers, alcohols, phenols, and esters (Jawad
et al., 2021). All the above FT-IR results suggests successful
oxidation and grafting of PEI on the surface PEI-OzHC
(Chen and Huang, 2010).

Thermalgravimetric analysis (TGA) was performed on both
raw HC and PEI-OzHC to examine their thermal stabilities.
The weight loss versus temperature for both raw HC and
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Table 1 Elemental analysis and surface area of OzZHC and PEI-OzHC.

Treatment Elemental analysis Surface area(m?/g)
%C %H %N %0 Molar N/C Molar O/C

Raw HC 73.44 5.21 0.38 20.97 0.005 0.285 5.209

PEI-OzHC 62.33 5.2 9.31 23.16 0.149 0.371 3.764

PEI-OzHC from room temperature to 800 °C are shown in
Fig. 3b. For raw HC, the experienced weight loss below
150 °C is due to desorption of moisture and gasses. The obvi-
ous weight loss occurred between 150 and 450 °C can mainly
attributed to the decomposition of oxygen containing com-
pounds introduced during the hydrothermal carbonization
step (Abdulhameed et al., 2021). The weight loss shown after
450 °C is mainly due to the decomposition of lignin
(Ocampo-Perez et al., 2019). PEI-OzHC contains substantial
amounts of oxygenated and amine-functionalized compounds
that was introduced during both ozonolysis and PEI grafting
steps, these compounds start to degrade at temperatures
between 150 and 450 °C (Wang et al., 2020e). As a result,
PEI-OzHC showed more significant and rapid weight loss
compared with OzHC in this temperature region. The first pro-
nounced weight loss peak obtained at 300 °C was mainly due
to the decomposition of oxygen containing compounds and
the second weight loss peak obtained at 400 °C can be attrib-
uted to the decomposition of the grafted PEI molecules in on
the surface of OzHC (Roy et al., 2015; Jiang et al., 2019a).

FE-SEM analysis of HC (Fig. 3C) and PEI-OzHC (Fig. 3d)
show the differences in morphology and structures of both
hydrochars. It is obvious that morphology of raw (HC) was
drastically changed after ozone and PEI grafting steps. The
image of raw HC displays smooth disrupted surface with holes
which transformed into rough and irregular surface structure
after ozone-PEI modification. This could be due to the intro-
duction of carboxylic and amino groups on the HC surface
and PEI can clearly be seen on the surface of PEI-OzHC as
indicated in the previous studies (Wang et al., 2020¢). This
confirms the occurrence of some sort of interaction between
active sites of HC and Ozone-PEI functionalities.

Fig. 3e and 3f show the Nitrogen adsorption isotherm and
average pore size distribution for the PEI-OzHC. PEI-OzHC
sample demonstrated type I1I isothermal curves indicating that
the material has nonporous or macroporous structure due to
the destruction of porous structure as a result of the oxidation
process. The nitrogen BET surface areas for HC and PEI-
0zHC were 5.209 and 3.764 m?/g respectively (Table 1). The
slight decrease in surface area could be attributed to the incor-
poration of PEI on the biochar surface. This decrease in sur-
face area of PEI-OzHC indicates that any improve in the
adsorption process will be mainly related to the chemical inter-
action between the functional groups of both adsorbent and
adsorbate.

3.3. Adsorption study

3.3.1. Effect of solution pH on RBBR and RB5 adsorption

Preliminary sorption tests were carried out on raw HC for
both RBBR and RB5. The adsorption capacity was extremely
low and accordingly no further studies were performed on raw

HC. The pH of the dye solution generally acts as a crucial fac-
tor in determining the sorption capacities of sorbent towards
the dye molecules. The pH specifically impacts the accessibility
of solute towards a specific functional group by altering the
surface chemistry of the sorbent. The H" ion concentration
in the solution determines both the surface charge of the adsor-
bent and the types of the ion in the solution to be adsorbed.
The surface charge of the adsorbent also changes as the H™
ion concentration changes in the solution. Therefore, it is
important to determine the adsorbent surface charge and the
point of zero charge (PZC) where the surface charge is zero
(Madduri et al., 2020). For this purpose, the adsorbent was
equilibrated with solutions having different pH and same ionic
strength without dyes. The final pH of each solution was mea-
sured, and the adsorbent surface charge was determined and
represented in Fig. 4a. The PZC for PEI-OzHC adsorbent
was determined at 5.7 pH implying the presence positive
charge on the adsorbent surface below this pH and negative
charge above this pH. Therefore, the maximum adsorption
capacity for anionic dyes such as RBBR and RBS is expected
to be high at pH < 5.7 due to the high electrostatic interaction
between adsorbent and adsorbate (Jawad et al., 2019). To
investigate the effect of pH on the adsorption of RBBR and
RBS dyes, adsorption of both dyes on the surface of PEI-
OzHC was performed at different initials pH and the obtained
results were represented in Fig. 4b. As shown in the figure, the
adsorption capacity for both dyes rapidly deceased at high
acidic conditions (pH = 2-6), then slightly decreased after
pH = 6. At lower pH (pH = 2-3), the high concentration
of H™ in the solution will result in more protonation for amine
groups on PEI-OzHC surface forming positively charged sites
(-NH5) which increase the electrostatic interaction with the
sulfonic acid groups of both dyes and consequently increase
the adsorption. As pH increase (pH = 2-6), protonation of
amine groups would be weakened and the electrostatic interac-
tion would be reduced, which lead to reduction in the adsorp-
tion capacity of PEI-OzHC (Li et al., 2019). The adsorption of
both dyes decreases gradually with increasing the pH and
reaches minimum at pH = 8 because the surface of the PEI-
OzHC becomes negatively charged. As it is more economic
to study the adsorption behavior near neutral pH, therefore,
we studied the adsorption behavior of both dyes slightly above
the PZC at pH = 6. This pH was frequently reported to be
ideal for anionic dyes removal (Ergene et al., 2009; Mate and
Mishra, 2020). It is worthy to note that, at the same studied
pH, the adsorption capacity for RBBR dye with two sulfonic
acid groups was higher than adsorption capacity of RB5 with
four sulfonic acid groups as indicated in Fig. 1. This result
could be probably attributed to the relatively small MW and
size of RBBR dye which allow more adsorption for dye on
the surface of PEI-OzHC. Our results are in good agreement
with the previous results reported by (Munagapati et al.,
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and the corresponding average pore size distribution for the PEI-OzHC.

2018) which indicated RBBR dye (MW = 696.665 g/mol) has
higher adsorption capacity than RB5 dye (MW = MW: 991.8)
at the same concentration of dye. This result also indicates that
the adsorption process of dyes on the PEI-OzHC surface are
not only dependent on the electrostatic interaction between
dyes and adsorbents, but also depends on the size and molec-
ular weight of the dye.

3.3.2. Adsorption kinetics

The kinetic study is an important aspect of any adsorption
process in order to better understand the mechanism involved
during the process. Understanding kinetics also has great sig-
nificance for pilot plant applications. In order to investigate
the mechanism and determine adsorption rate constant of
RBBR and RBS5 dyes onto PEI-OzHC surface, three kinetic
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models of pseudo-first order,
Elovich were used in this study.

The pseudo-first order model (Lagergren, 1898) is expressed
as:

4, =q.(1—e™) (2)

where g, (mg/g) is the adsorption capacity at equilibrium, q, (-
mg/g) is the adsorption capacity at time t, and k; (min~") is the
rate constant of pseudo-first order adsorption.

The pseudo-second order model (Ho and McKay, 1999) is
expressed as:

pseudo-second order, and

2
qckat
q, =

o 1+ quzl (3)

where k; (g/(mg min)) is the rate constant of pseudo-second
order adsorption.
The Elovich model (Peers, 1965) is expressed as:

Ge=Lin (1+apr) (4)

where o (mg/g*min) is the initial adsorption rate; and f§ (mg/g)
is the desorption constant.

The effect of contact time on RBBR and RBS5 adsorption
onto PEI-OzHC at 25 °C was determined, and the data were
correlated by the above three kinetic models as shown in
Fig. 5. It is clear from the figure that the adsorption capacity
of both dyes is strongly dependent on the initial concentration
of the dye, high adsorption occurred at high concentration of
the dye. For example, the adsorption capacity of RBBR was
increased from 109.2 to 131.2 mg/g with changing the concen-
tration from 75 to 125 mg/L as indicated in Table 2. The
results also indicated that adsorption rates of both dyes were
significantly fast within the first 60 due to the higher concentra-
tion of the dyes and the availability of more adsorption active
sites on the hydrochar surface. As the time increased, less
active sites of PEI-OzHC becomes available to bind with the
low concentrated dye molecules and this would lead to decline
in sorption rate until the equilibrium is achieved within
180 min for both dyes (Senthilkumar et al., 2018). The calcu-
lated kinetic parameters of adsorption capacity (qe, exp), COITE-
sponding rate constants, correlation coefficients (R?), and chi-
square (X?) values for both RBBR and RBS5 dyes are presented
in Tables 2 and 3, respectively. As it can be observed, the cor-

150

—e— RBBR
= —s=—RB5

140 -
130 -
120 -
110 -
100 -

ge (mg/g)

90|
80|
70}
60 (b)

50 T T T T

pH

(a) Determination point of zero charge (PZC) for the PEI-OzHC, (b) Effect of different pH on RBBR and RBS5 adsorption.

relation coefficients values of the pseudo-second order kinetic
model (R*> > 0.999) are higher than those in the pseudo-first
order and Elovich models for both dyes. Pseudo-second order
model also showed low chi-square (X?) error value compared
with other models. Moreover, the adsorption capacity values
calculated by the pseudo-second order kinetic model (q., cal)
were very close to the experimental adsorption capacities (g,
exp) values (Madduri et al., 2020). Therefore, pseudo-second
order model was chosen to explain the adsorption of RBBR
and RB5 dyes onto PEI-OzHC hydrochar. It is clear that the
best fit kinetic model was selected by its goodness of fit, corre-
lation coefficient (R?) and Chi-square (3?) value. Accordingly,
the adsorption capacity of RBBR and RBS5 dyes onto the PEI-
OzHC is proportional to the number of active sites occupied in
the adsorbent and the concentration of the dye. The rate coef-
ficient, k, of pseudo-second order for RBBR and RBS5 dyes
were found to increase with an increase in initial dye concen-
tration. This could be due to fast sorption kinetics at higher
concentrations. The adsorption of similar anionic dyes such
as RB5 and Congo red dyes on onto banana peel powder
was also reported to follow the pseudo-second order kinetic
model (Munagapati et al., 2018).

3.3.3. Adsorption isotherms

The equilibrium adsorption isotherms can provide the most
promising data to understand the mechanism of adsorption
and the interaction between both adsorbent and adsorbates
(Mate and Mishra, 2020). In this study, three different iso-
therm models (Langmuir, Freundlich, and Sips) were chosen
to predict the adsorption capacities and to fit the experimental
equilibrium data. The Langmuir adsorption isotherm
(Langmuir, 1918) is used to estimate the maximum adsorption
capacity at equilibrium corresponding to complete monolayer
coverage of adsorbate on adsorbent surface. Langmuir iso-
therm equation can be expressed as:

Q max bL C.

Q=T1hc

®)
where Ce (mg/L) is the solution concentration at equilibrium,
ge (mg/g) is the equilibrium adsorption capacity, qmax (mg/g) is
the maximum adsorption capacity, and b is the Langmuir
adsorption constant related to adsorption energy. The essential
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Fig. 5 Adsorption kinetic curves of RBBR (a-c) and RBS5 (d-f) dyes at 25 °C: Experimental results and non-linear fitting of pseudo-first

order (a,d), pseudo-second order (b,e), and Elovich model (c,f).

characteristic of Langmuir isotherm can be expressed in terms
of a dimensional equilibrium parameter (Ry) (Ho et al., 1996)

according to the following equation:

1
R.

“11K.G

(6)

where K is the Langmuir constant (L/mg) and C, is the initial
adsorbate concentration (mg/L).

Freundlich isotherm is applicable to adsorption processes
that occur on heterogonous surfaces and it defines the surface
heterogeneity and the exponential distribution of active sites
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Table 2 Kinetic parameters for RBBR dye adsorption.
Model Parameter C, (mg/L)
75 100 125
Pseudo-first order de. €xXp (mg/g) 109.2 120.0 131.2
e, calc (mg/g) 106.7 118.0 128.2
K, (1/min) 0.023 0.026 0.031
R? 0.993 0.990 0.987
X2 7.60 12.30 18.94
Pseudo-second order Je. €Xp (Mmg/g) 109.2 120.0 131.2
e, calc (mg/g) 120.2 131.5 140.9
K, (g/mg min) 2.46x10* 2.60x10* 3.03x10™*
R? 0.999 0.999 0.999
X2 2.07 1.67 1.74
Elovich e, exp (mg/g) 109.2 120.0 131.2
o (mg/g min) 8.66 12.69 22.38
B (g/mg) 0.042 0.041 0.042
R? 0.970 0.971 0.970
X2 32.71 37.65 44.56
and their energies (Ayawei et al., 2015). Freundlich isotherm 1 1 1\ 1
equation (Freundlich and Helle, 1939) can be expressed as: qe = 4, K, (&) + e (®)
max=*s max

0 = KiCl" )

where K is the adsorption capacity (L/mg) and 1/n is the
adsorption intensity; it also indicates the relative distribution
of the energy and the heterogeneity of the adsorbate sites.

Sips model is a hybrid form of the Langmuir and Fre-
undlich expressions for heterogeneous adsorption systems.
This circumvented the limitation of the rising adsorbate con-
centration associated with Freundlich isotherm model. At
low adsorbate concentrations, the Sips model reduces to the
Freundlich isotherm; at high concentrations, it predicts a
monolayer adsorption capacity characteristic of the Langmuir
isotherm. The Sips parameters are governed mainly by the
operating conditions such as the pH, temperature and concen-
tration (Foo and Hameed, 2010). Sips model (Sips, 1948) can
be expressed as:

Table 3 Kinetic parameters for RB5 dye adsorption.

where K is the Sips equilibrium constant (1/mg), qmax s the
Sips maximum adsorption capacity (mg/g), and ng is Sips
model exponent which can be employed to describe the sys-
tem’s heterogeneity when ny is between 0 and 1.

The isotherm studies of RBBR and RB5 dyes were investi-
gated at three different temperatures 15, 30, and 45 °C and the
results are shown in Fig. 6. Adsorption isotherms for RBBR
and RBS5 dyes were fitted to Langmuir (6a, d), Freundlich
(6b, e), and Sips (6c, ) isotherms using non-linear regression.
Tables 4 and 5 present the linear fitting parameters of Lang-
muir, Freundlich, and Sips isotherm models. For both RBBR
and RBS dyes, the maximum adsorption capacity (q,,) of
Langmuir isotherm was found to increase by applying high
temperature. It increased from 148.2 to 217.3 mg/g for RBBR
dye and from 99.5 to 182.7 mg/g for RBS5 dye, respectively, and
this could be attributed to a rise in kinetic energy of the sor-

Model Parameter C, (mg/L)
50 75 100
Pseudo-first order qe, exp (mg/g) 80.2 88.2 94.0
e, calc (mg/g) 79.6 87.2 9.2
K, (1/min) 0.018 0.021 0.026
R? 0.998 0.997 0.995
X2 1.31 1.73 3.96
Pseudo-second order qe, exp (mg/g) 80.2 88.2 94.0
e, calc (mg/g) 91.9 99.2 102.7
K, (g/mg min) 2.66x107* 2.88x107* 3.70x10™
R? 0.999 0.999 0.999
X2 2.60 2.40 1.63
Elovich qe, exp (mg/g) 80.2 88.2 94.0
o (mg/g min) 4.00 5.78 10.19
B (z/mg) 0.049 0.048 0.052
R? 0.968 0.968 0.967
X2 21.04 23.82 26.52
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Fig. 6 Adsorption isothermal curves of RBBR (a-c) and RB5 (d-f) dyes at different temperatures: Experimental results and non-linear
fitting of Langumir model (a,d), Freundlich model (b,e), and Sips model (c,f).

bent particles due to the rise in temperature (Munagapati
et al., 2018). The correlation coefficient of linear form of Lang-
muir model shows a very good fit to the experimental data
(R? = 0.999). In addition, the values of Ry which calculated
from Eq. (6) are in the range of 0—1, which indicates favorable
monolayer adsorption of RBBR and RBS5 dyes onto PEI-

OzHC. The Freundlich isotherm constant Ky was increased
from 31.0 to 84.5 mg/g for RBBR dye and from 30.7 to
81.9 mg/g for RBS, respectively, with increase the temperature
of the adsorption. This increase in K¢ with temperature con-
firming again that the adsorption process of both dyes is
endothermic. The I/n values were found in the range 0-1
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Table 4 Adsorption isotherms parameters for RBBR dye adsorption.

Model Parameter Temperature
15 °C 30 °C 45 °C
Langmuir qm (mg/g) 148.2 192.1 217.3
K, (L/mg) 0.044 0.070 0.146
R? 0.999 0.999 0.999
X2 3.36 10.87 3.43
Freundlich Kr (mg/g) (L/mg)'/" 31.00 49.87 84.56
ng 3.55 3.97 5.43
R? 0.879 0.859 0.884
X2 123.5 280.2 303.9
Sips Qmax (Mg/g) 150.15 195.7 218.3
K, ((L/mg) 0.169 0.021 0.077
ng 0.691 0.817 0.820
R? 0.999 0.999 0.999
X2 4.84 1.90 2.51

Table 5 Adsorption isotherms parameters for RB5 dye adsorption.

Model Parameter Temperature
15 °C 15 °C 15 °C
Langmuir qm (mg/g) 99.46 141.0 182.7
Ky (L/mg) 0.056 0.081 0.115
R? 0.999 0.999 0.999
X2 5.72 8.73 3.06
Freundlich Kp (mg/g) (L/mg)'/™ 30.71 51.90 81.94
ng 4.92 5.65 6.92
R? 0.784 0.830 0.813
X2 79.15 127.7 120.5
Sips Qmax (ME/L) 94.46 136.7 181.9
K ((L/mg) 0.012 0.027 0.101
ng 0.687 0.747 0.859
R? 0.999 0.999 0.999
X2 1.95 6.27 3.31

Table 6 Adsorption capacity of different modified hydrochar and biochar adsorbents towards RBBR dyes in aqueous solutions.

Adsorbent Adsorbate pH Qmax (Mg/g) Reference

Ozone-PEI Hydrochar RBBR 6.0 218.3 This study

Coconut coir Activated carbon 6.9 15.2 (Kavitha and Namasivayam, 2008)
Orange peel Biochar - 11.6 (Mafra et al., 2012)

Corn cob activated carbon 6 12.6 (Ahmada aet al., 2011)

Sewage activated carbon 2 33.5 (Silva et al., 2016)

HNO; Activated carbon 3 23.6 (Dagdelen et al., 2014)

Seaweed Biochar 2 92.5 (Vijayaraghavan and Ashokkumar, 2019)
Commercial Activated carbon 3 199.4 (Dagdelen et al., 2014)

H,O, treated biochar 5.9 357 (Nair and Vinu, 2016)

Peanut hull-based H;PO, activated carbon - 149.25 (Zhong et al., 2012)
Epichlorohydrin Walnut shell biochar 2 224.4 (Li et al., 2019)

H;PO,4 Biomass 2 292 (Silva et al., 2018)

Pomegranate peel activated carbon 2 370.9 (Ahmad et al., 2014)
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Table 7 Adsorption capacity of different modified hydrochar and biochar adsorbents towards RBS dyes in aqueous solutions.

Adsorbent Adsorbate pH Qmax (Mg/g) Reference

Ozone-PEI Hydrochar RB5 6.0 182.7 This study

Fe;O4 Biochar 10 2.9 (Khan et al., 2015)
Macadamia Seed biochar 3 1.1 (Felista et al., 2020)
Candida tropicalis char 3 101.9 (Donmez, 2001)

Cu—Cu,0 Biochar 9 5.4 (Khan et al., 2015)

PEI with coffee waste Biochar 7 71.5 (Wong et al., 2020)
Banana peel biochar 3 49.2 (Munagapati et al., 2018)
Date seed biochar 2 113.4 (Senthilkumar et al., 2018)

(0.28-0.18 for RBBR, and 0.20-0.18 for RBS) indicating that of Sipes isotherm suggesting the suitability of this model in
the adsorption of both dyes is favorable under the applied con- explaining adsorption process. The overall results suggesting
ditions. The low correlation coefficients (R?) and the high Chi- that Langmuir and Sips isotherm to be the best fitting models
square (X?) values of Freundlich isotherm suggesting the for the adsorption isotherms data of RBBR and RBS dyes

weakness of this model in explaining adsorption process. The onto PEI-OzHC. Both models displayed the closest maximum
Sips isotherm constant . was increased from 150.1 to adsorption capacity (q,,) with experimental data, highest cor-
218.3 mg/g for RBBR dye and from 94.5 to 181.9 mg/g for relation coefficient (R?) and the lowest Chi-square (X?) values.
RBS, respectively, with increase the temperature of solution Several adsorption studies of anionic dyes were also reported
from 15 to 45 °C. The Sips qumax values were very similar to to follow Langmuir and Sips adsorption models
the values obtained by Langmuir isotherm. The values of ng (Munagapati et al., 2018; Fernandes et al., 2020). The adsorp-
are in the range of 0—1 which again indicates the heterogeneity tion capacities in this study was higher than, or comparable
of the surface of the adsorbent. The higher correlation coeffi- with other previous studies which used modified biochar or
cients values (R? = 0.999) and the low Chi-square (X?) values hydrochar as adsorbents as shown in Tables 6 and 7).
0 o ONH,..__ HyNe o . o
o —‘Jj}Ni‘\‘N/ Ot_:'-_ PEL-OzHC :.;\d\o /Pé! ’ ’;”: : o ’ \?e\\NN t—' PEI-OzHC :_.:\é\ ,5/’0
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Fig. 7 Illustration of the possible adsorption mechanism between PEI-OzHC and (RBBR, RB5) dyes: a) electrostatic attraction, b)
hydrogen bonding, ¢) Yoshida H-bonding, and d) n—r interaction.
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3.3.4. Adsorption mechanism

Fig. 7 represents the adsorption mechanism of RBBR and RB5
dyes onto the surface of PEI-OzHC adsorbent relying on the
presence of different functional groups and charges on both
adsorbent and adsorbates. At pH < 5.7, the electrostatic
attraction between amino groups on PEI-OzHC adsorbent
and the sulfonate groups on RBBR and RBS5 adsorbates can
be occurred due to the good distribution of cationic amino
group (NH;3) on the surface of the adsorbent as shown in
Fig. 7a. Furthermore, the presence of the hydrogen bonding
between the free hydrogen, oxygen, and nitrogen in both
PEI-OzHC adsorbent and RBBR and RBS5 adsorbates molec-
ular structures as seen in Fig. 7b. Also, the formation of
Yoshida H-bonding interaction (Fig. 7c) between the hydrogen
of hydroxyl groups on PEI-OzHC adsorbent and the aromatic
rings on the RBBR and RBS dyes can also be present. Eventu-
ally, another factor that can affect the adsorption mechanism
is n—m interaction between the oxygen and nitrogen as
electron-donating groups on the PEI-OzHC adsorbent surface
and the m-system in the aromatic rings of RBBR and RB5 dyes
as electron acceptor, Fig. 7d. To conclude, the adsorption
mechanism has been controlled by four different factors
including electrostatic attraction, hydrogen bonding, Yoshida
H-bonding, and n—n interaction (Jawad et al., 2020; Malek
et al., 2020).

4. Conclusions

In this study, a novel low-cost adsorbent was prepared by
modification of Ozone oxidized hydrochar with PEI to intro-
duce more amino groups on the hydrochar surface. The results
indicated that Ozone oxidation improved the carboxylic con-
tent on the hydrochar and further modification with PEI sig-
nificantly increased the amino groups which improved the
adsorption performance for RBBR and RBS5 removal. The
adsorption process of both adsorbates was influenced by
changing the pH and adsorption have occurred at neutral
pH. Kinetics for the adsorption was considerably fast and
kinetic adsorption data for both RBBR and RB5 were fitted
well by the pseudo second-order model. Adsorption isotherms
of RBBR and RB5 onto PEI-OzHC agree well with both
Langmuir and Sips adsorption model. The maximum adsorp-
tion capacity (Quax) determined from Langmuir isotherm
model of RBBR and RBS were 218.3 mg/g, and 182.7 mg/g,
respectively at 45 °C. With increasing temperature, the adsorp-
tion capacities increased showing an endothermic nature and
increase in favorable nature of adsorption. Ozone-PEI modifi-
cation could be a viable method to tune the hydrochar surface
with carboxylic and amino functionalities to create alternative
and value-added adsorbents for environmental applications.
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