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1 Introduction

The dye industry is continuously developing and contributing to the world economy. The
widespread use of dyes, with more than 100,000 kinds accessible for commercial purposes and
an annual production of 1.6 million tons [1]. However, this industry is a major global polluter
and uses large amounts of water, chemicals, and fuels, which are transformed into highly
loaded wastewater [2], [3]. Industrial dyes present substantial environmental hazards due to
their toxicity to species and their capacity to disrupt aquatic ecosystems [4]. The dyeing
process, essential in textiles, paints, and pigments, produces significant amounts of wastewater
containing dangerous compounds. Heavy metals, organic compounds, and salts in this
wastewater can contaminate freshwater sources, posing a threat to human health and the
survival of aquatic organisms [5]. These chemicals include cationic dyes such as methylene
blue (MB) and basic red 9 (BR9).

Wastewater treatment technologies are needed to remove pollutants from dye wastewater, and
dye recycling is required to achieve sustainability. Current wastewater treatment technologies
include membrane technology, ultrasonication, biological techniques,
coagulation/flocculation, photocatalysis, and adsorption [6]. Nevertheless, most of these
techniques have inherent limitations such as substantial energy demands, chemical usage, and
operational expenses [7]. Multiple studies have verified that adsorption is a highly effective
method for removing dyes, demonstrating its superior ability to remove pollutants compared
with other conventional techniques [8].

Adsorption is the most commonly used technology because it is cost-effective, environmentally
friendly, simple, and easy to operate [9], [10]. Several studies have been conducted on the
adsorption of cationic dyes using bioadsorbents such as date seeds, orange peels, dragon fruit
peels, spent Ganoderma lucidum substrates, black tea leaves, and wood apple shells [11], [12],
[13], [14], [15], [16]. These studies show that adsorption is an efficient and the most effective
method for removing cationic dyes.

Various adsorbents have been studied in the scientific literature for their effectiveness in
eliminating dyes from wastewater. These include ion-exchange materials, natural clays,
activated carbon, and zeolites. Nevertheless, these adsorbents are frequently considered
expensive [17]. Researchers developed several novel adsorbents from different natural sources
to remove dyes as part of efforts to reduce costs. Over the past few decades, there has been

significant interest in using biomass waste, particularly agricultural waste, to remove



pollutants. This waste is produced in large quantities due to the expanding food industry linked
to the growing global population [18].

Adsorbent materials from natural resources are being developed, and agricultural waste is a
prospective resource. Agricultural waste can be a new, inexpensive, efficient, and
environmentally friendly material for wastewater treatment. Rice husk (RH), an agricultural
waste material, can be used for wastewater treatment because it is water-insoluble and has a
granular morphology, good mechanical qualities, and chemical stability. RH has excellent
adsorption ability because it is rich in active functional groups such as carboxyl and phenolic
groups [19], [20]. Therefore, RH can be an alternative to chemical materials in wastewater

treatment and pollution mitigation solutions.

Indonesia is the fourth largest rice producer in the world. In 2023/2024, its rice production
reached 31 million tons [21]. Its dry grain production in 2023 was 53.98 million tons, which
was +64% rice and £36% by-product. The by-products of rice milling processes include RH
(15-20%), bran (8-12%), and rice groats (£5%) [21]. Approximately + 10.79 million tons of
RH was produced in 2023. The utilization of RH from the rice milling process remains limited,;
it sometimes becomes waste and, thus, a source of environmental pollution [22]. Besides,
Hungarian rice husks are used for composting, brick, and animal feed. Reusing rice husks as

bioadsorbents can reduce waste generation in the agricultural sector.

Further, most studies on dye adsorption by bioadsorbents have concentrated on single
component adsorption. Studying binary adsorption is more complex, and more parameters are
needed to describe the process [23]. Textile industrial effluent contains several dyes that
complicate adsorption due to various interactions and competition between adsorbates and
adsorbents. Studies on the binary adsorption of dyes using multiple bioadsorbents, such as
cellulose-based cotton fiber and activated carbon from kiwi, cucumber, and potato peels, have
been reported [24], [25], [26].

The role of RH as a good bioadsorbent for removing cationic dyes from aqueous solutions has
been studied intensively. MB and BR9 are widely studied because they are cationic dyes
commonly used as coloring agents and in dye adsorption experiments; furthermore, they are
nonbiodegradable and are toxic and carcinogenic upon short-time exposure [27], [28], [29],
[30]. However, to the best of our knowledge, no study has been published on dye adsorption
using RHs of different origins. Whether differences in chemical composition affect adsorption

capacity is also unclear.



To achieve environmental sustainability and solutions to global challenges, adsorption was
performed in this study according to the reduce—reuse—recycle principle. In particular, the goals
were reducing pollutants from dyes, reusing water and rice husk, and recycling dyes for
sustainable dyeing (Figure 1). Moreover, desorption and regeneration studies were carried out
to investigate the recovery efficiencies and adsorption—desorption cycles, thus evaluating the
sustainability and cost-effectiveness of RH as a bioadsorbents. The adsorption experiments
were carried out taking into account the principles of circular economy to assess the

environmental sustainability of RH.

/ Do \

Dye Dye wastewater

Agricultural sector

Desorption Regeneration Rice husk

\ Adsorption

Figure 1. Adsorption process using the sustainable dyeing concept
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2 Literature review

Historical records indicate that the application of dyes derived from natural sources predates
3500 BC when they were utilized to enhance the aesthetic appeal of objects. Initially, the only
coloring agents available were natural dyes and pigments. These were derived from mineral
sources and plants, such as Rubia tinctorum and Paubrasilia echinata, which contain chemical
groups like naphthoquinones, anthraquinones, and flavonoids. Some coloring agents were also
obtained from animals, precisely certain insect species such as cochineal (Dactylopiidae
coccus). The dyes were used to color various items like utensils, weapons, and houses, among

others, which held significant aesthetic and cultural value [31].

Dyes are categorized according to the origin of materials, the characteristics of chromophores,
and the nuclear structures and industrial classification. Dyes are classified into natural and
synthetic dyes based on their source of origin [32]. Natural dyes are derived from botanical and
zoological sources, including hematoxylin, carmine, and orcein. Nevertheless, synthetic dyes
are produced from organic and inorganic substances, and their classification is determined by
their structure, color, particle charge, and techniques of application [33]. Natural dyes are both
costly and environmentally benign. Synthetic dyes have gained significant interest in various
industries due to their affordability, simplicity of production, and extensive color options.

Nevertheless, synthetic dyes possess a substantial level of toxicity [34].

2.1 Dyes

Dyes are organic compounds composed of chromophores (-NOz, —NO, —N=N) and
auxochromes (-OH, —NH2, —NHR, —-NR2, —Cl, —COOH, etc.). Chromophores are the
components that give dyes their color, while auxochromes increase the intensity of the color of
the dyes when applied to a substrate [35]. Dyes consist of a minimum of one chromophore and
can absorb light within the visible spectrum, which ranges from 400 to 700 nanometers [36].
In general, dyes are capable of dissolving in water, resulting in the production of light hues.

However, certain dyes can create intense shades even in very small amounts [35].

The effluents containing colored compounds discharged from various industrial sectors, such
as textiles, cosmetics, laundry, paper, leather, printing, food and beverage, pharmaceuticals,
and carpet manufacturing, are highly toxic and pose significant risks to aquatic ecosystems,
human health, and the environment [37], [38], [39]. The textile industry is widely recognized

as an important global industry, as seen in Figure 2. However, it is also responsible for the
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significant pollutants of dyes, harmful metals/elements, and chemicals in the discharged

wastewater [18].

Approximately 10,000 varieties of synthetic and natural dyes are manufactured annually
worldwide, with a total weight ranging from 7x10° to 1x10° tons [40], [41]. A substantial
quantity of dyes is lost during production and application procedures, with approximately 10-
15% of dyes being directly discharged into wastewater [42], [43]. The dyeing sector is
accountable for around 20% of the overall industrial water pollution, which amounts to an

enormous 11 million tons of polluted water annually [43].

Wastewater that contains dye is frequently characterized by elevated pH levels, chemical
oxygen demand, suspended particles, and salinity. In addition, the compounds present in dye
wastewater are typically poisonous and can even be mutagenic and carcinogenic. These
substances can cause significant harm to both humans and aquatic life [44]. Therefore, water

pollution caused by dyes is a clear and escalating issue that requires immediate response.

The concentrations of dyes in industrial wastewater exhibit a broad range of values. In textile
effluents, dye concentrations typically range from 10 to 50 mg/L. Reactive dyes in cotton
factories are discharged at concentrations of 60 mg/L, with some reports indicating levels
between 100 and 200 mg/L [45]. Abid et al. [46] documented dye concentrations in the
effluents of 14 Ramadhan textile industries in Iraq, ranging from 20 to 50 mg/L. Sivakumar
[47] reported an outflow concentration of 45 mg/L for the dye Acid Orange 10 from the final
clarifier of a textile factory in India. According to Ghaly et al. [48] dye concentrations

discharged from dye houses vary from 10 to 250 mg/L.
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Figure 2. Industries responsible for the presence of dye effluent in the environment [37]

2.1.1 Categorization of dyes

Dyes are commonly categorized based on their structural or functional groups and color and

their ionic charge when dissolved in water [1]. The categorization of dyes based on their ionic

properties significantly impacts the effectiveness of dye adsorption. Meanwhile, dyes can be

categorized according to their chemical structure into various types, including acridine,

anthraquinone, azo, azine, diphenylmethane, indigoid, methine, nitro, nitroso, oxazine,

phthalocyanine, thiazine, triphenylmethane, and xanthene [49], [50]. Figure 3 illustrates the

categorization of dyes into ionic and non-ionic dyes.

Ionic dyes

Dyes

Cationic dyes

Non-ionic dyes

Vat dyes —|— Disperse dyes

Anionic dyes
Aciddyes [ Reactive dyes
Direct dyes |-

Figure 3. Categorization of dyes according to ionic charges [1], [51]
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Even though structural classification offers detailed insights into dye characteristics like dye
group and specific properties, categorization based on application proves more pragmatic as it
allows for a general assessment of a dye's suitability for a given procedure without delving into
complex nomenclature [52]. The specific properties and application of various dyes are shown
in Table 1. Non-ionic dyes can be classified into vat dyes and disperse dyes. On the other hand,
ionic dyes can be further divided into cationic (basic) dyes and anionic dyes (reactive, direct,
and acidic). Except for dispersion dyes and vat dyes, most are soluble in water. It's common

for many dyes to contain trace amounts of metals like copper, zinc, lead, chromium, and cobalt

in their aqueous solutions, excluding vat and disperse dyes [53].

Table 1. Specific properties and applications of various dyes [54]

Dyes Examples Properties Application
red 183, acid orange
10, acid orange 12,
acid orange
8, acid red 73, acid
Acidic :fd 18, sfunset Water soluble, anionic Nylon, V\:OOIHS'IK’ Paper,
Acid yellow, acid green ~ leather,
27, ink-jet printing
methyl orange,
amido black 10B,
indigo carmine
Methylene blue, Water-soluble, releasing Paper, polyacrylonitrile,
Cationic Janus green, basic colored cations in solution. Modified nylons,
green 5, basic violet | Some dyes show biological | modified polyesters used
10, rhodamine 6G activity in medicine as
antiseptics
_Dlsperse orange 3 Water-insoluble, non-ionic; Polyester, nylon,
disperse red, disperse .
: X for hydrophobic aqueous cellulose,
Disperse red 1, disperse . . .
dispersion cellulose acetate, acrylic
yellow 1 fi
ibers
Water soluble, anionic,
Direct Congo red, direct red | improves wash fastness by Cotton, regenerated
23, direct orange 39, chelating with cellulose,
direct blue 86 metal salts paper, leather
Reac_tlve black 5, Extremely high wash
reactive green 19,
: fastness due to
reactive blue 4, covalent bond formation
Reactive reactive red 195, e Cotton, wool, nylon, ink-
. with fiber, ) . !
reactive red 198, . . i jet printing of textiles
. brighter dyeing than direct
reactive blue 19, dves
reactive red 120 y
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Vat blue 4, vat green | Use soluble leuco salts after

Vat 11, vat orange 15, vat reduction in an alkaline Cellulosic fibers
orange 28, bath (NaOH)
vat yellow 20

2.1.2 Hazardous dyes

The contamination of wastewater with dyes affects the ability of the ecological system to
perform essential activities for society. It poses a threat to the long-term sustainability of the
environment [55]. Dyes cause severe environmental pollution because they are not easily
degradable in natural environments [56]. Dyes are categorized as establishing pollutants due to
their ability to move into the soil and groundwater through water bodies due to human and

industrial activity [27], [57].

During migration, dyes have the potential to undergo decomposition or react with other
molecules in the environment, resulting in the formation of a range of toxic and hazardous
compounds. Waterways can be negatively affected by dye levels over one mg/L, which result
from the direct release of dye wastewater. These high dye levels might have harmful

environmental consequences due to their carcinogenic properties [49].

Dyes reduce the amount of sunlight that enters the water, alter the water's color, and disrupt the
photosynthetic process, negatively affecting aquatic life [49]. These harmful compounds will
not only harm organisms in the environment but also damage neurological systems and cause
congenital disabilities in individuals who consume contaminated agricultural, forestry, and
fishery goods [27]. The hazardous dyes which impact humans and the environment are shown

in Table 2.

Table 2. Hazardous dyes with their adverse effect on biological systems and the environment [8]

No | Hazardous dyes Environmental risks

Carcinogenic effects like speeding up the development of
hepatocellular tumors and malignant lymphomas

Liver damage because of heavy metal intake from dyes
Mutagenic impact
2 | Malachite Green | Intercalates with the helical structure of DNA and RNA. - Strong
carcinogenic effect

Tests for toxicity in bacteria, algae, and protozoa, as well as the
Ames test’s ability to detect mutagenesis effects in vitro

Rhodamine B TA1538 and TA98 Salmonella strains have reversion mutations.

Mutagenic effects and an increase in DNA strand scission assay-

based in vitro DNA synthesis
Methylene Blue Inhibition in the growth of microalgae

Disperse Yellow
3

Disperse Blue 3

Acid orange 52

o O [~ W
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Procion Red

7 MX-5B Production of hazardous metabolites during the adsorption process
8 Remazgl Black Hazardous metabolites in water bodies

9 Reaciiglg Red Hazardous for aquatic species

10 | Reactive Black 5 In soils, they show adverse effects on the overall growth of plant

material and germination of seeds
Genetic damage induced on meristematic cells
For the ecosystem, this dye is poisonous, teratogenic,
carcinogenic, and mutagenic
Gene mutation, cancer, cutaneous stimulation, allergy, and
dermatitis in humans
Adverse effects on wildlife and plants
When inhaled or consumed, this dye is poisonous and may cause
skin irritation

11 | Sunset Yellow
12 Direct Red 23

13 | Reactive red 198
14 Congo Red

15 | Crystal violet

2.1.3 Methylene blue (MB) and Basic red 9 (BR9)
Basic dyes are colorless in their original state, and their color becomes visible only when they
are in the form of salts, typically chlorides. However, they can also exist as oxalates or double
salts that contain zinc chloride [58], [59]. Basic dyes have superior color brilliance and intensity
than acid dyes and other dye classes. However, it is essential to note that they are dangerous
and toxic to both humans and the environment [52], [58], [59]. Basic dyes are a type of dye
that possess a positive charge and are commonly used in the coloring of various materials. The
main constituents of these structures are cyanine,

triarylmethane, anthraquinone,

diarylmethane, diazahemicyanine, oxazine, hemicyanine, thiazine, and hemicyanine [60].

MB dye , known as methyl thioninium chloride, is a heterocyclic aromatic chemical compound
with the molecular formula [C16H18N3SCI] [61]. MB , a cationic dye extensively employed in
diverse industrial domains such as paper, pharmaceutical, textile, rubber, plastic, food, leather,
and cosmetic industries, presents substantial environmental hazards due to its elevated toxicity
in comparison to negatively charged dyes [62], [63], [64]. The intrinsic properties of MB, such
as its excellent chemical stability, substantial molecular weights, and restricted ability to
biodegrade, are responsible for its harmful impact on the environment, even when present in

low quantities [65].

MB is acommonly found cationic dye recognized for being persistent and negatively impacting
health, such as toxicity, carcinogenicity, and mutagenicity. Prolonged exposure to MB can lead
to significant health consequences, such as anemia, cancer, vomiting, eye irritation, nausea,

methemoglobinemia, cognitive impairment, and water pollution [66], [67] [7]. Hence, the
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necessity to reduce the environmental consequences of wastewater contaminated with MB
emphasizes the requirement for extensive treatment approaches to prevent degradation of the
environment and protect human health. Further, MB was selected as an initial dye for the model
wastewater experiment. MB is a frequently employed model dye due to its representation of
typical cationic dyes, which are commonly present in industrial wastewater. The data obtained
from studies using MB serve as a valuable baseline for understanding the adsorption capacity
and mechanisms that may apply to other similar dyes. MB has a high molar absorptivity, which
allows for straightforward and precise quantification via UV-Vis spectroscopy. This property
enables convenient monitoring of MB concentrations in solution before and after interaction
with an adsorbent. Additionally, MB has been extensively used in previous studies and
provides a rich source of comparative data. This facilitates the process of contextualizing and

validating new findings within the existing body of literature.

BRO is a triamino derivative of triphenylmethane and has the largest dye group within the
triarylmethane dye class. It is commonly used in the textile, paper, leather, and ink industries
because of its bright color, low energy consumption, and high solubility [68], [69], [70]. Under
anaerobic conditions, BR9 decomposes into carcinogenic aromatic amines and its release into
the environment in the form of wastewater can cause hazardous effects such as cancer, skin
irritation, mutations, and allergic dermatitis [70]. According to the European Textile Ecology
standard and the International Agency for Research on Cancer (IARC), BR9 is a carcinogenic
dye because it endangers the health of humans and other organisms and biodegrades poorly
[68], [71]. The chemical structure and class of dye of MB and BR9 are shown in Table 3.
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Table 3. The chemical structure and class of dye

Dye | Common C.L Class Molar Chemical structure
name No. absorptivity
(Mtcm™)
C.l. | Methylene | C.I. Thiazine |4 x 10* to
Basi | Blue 52015 95 x 10* QNI) "
c [72] HBC\N S \N:CHg
Blue CH, CHy
9
C.l. | Basic Red | C.I. Triarylm | 3.7 x 10*

i HaN _~_NH:
Basi | 9/Pararosa | 42500 | ethane [73] K/' | J
c niline ;

Cl
Red
NH2
9

2.2 Wastewater treatment

Water is an essential factor for all life and human survival and has a vital role in the drinking
water supply and economic sectors [74]. The need for water in household and industrial
activities is still increasing every year. Nowadays, the world faces a water crisis due to
industrial globalization, increasing residential and commercial areas, and agricultural lands that

lead to enormous wastewater production [75].

According to global trends, in high-income countries, municipal and industrial wastewater
treatment is about 70 %, the percentages drop to 38 % and 28 % in upper-middle-income and
lower-middle-income countries, respectively. Besides, in low-income countries, only 8 %
undergo treatment of any kind, and over 80 % of all wastewater is discharged without treatment
[76]. Wastewater treatment is an essential factor in industrial processes because wastewater
containing hazardous pollutants has negatively affected all environmental elements, such as

air, soil, and water [77].

In general, the wastewater treatment methods are biological, chemical, physical, and the
combination of each method [78]. The essential process of wastewater treatment is divided into
five steps such as 1) pre-treatment using physicochemical and mechanical methods; 2) primary
treatment using physicochemical and chemical methods; 3) secondary treatment using
physicochemical and biological methods; 4) tertiary treatment or final treatment using physical
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and chemical methods; and finally, 5) sludge treatment [79]. For instance, wastewater treatment
technologies include biological techniques, photocatalysis, membrane technology,
ultrasonication, adsorption, and coagulation/flocculation. Efficient wastewater treatment is the
basic need of the present society. The application of wastewater treatment could be a solution
for protecting the environment. The advantages and disadvantages of technologies of

wastewater treatment are shown in Table 4.

Table 4. Technologies of wastewater treatment

Type of treatment Advantages Disadvantages References

Biological potential for removing | technology is still under | [80]
metals development

Photocatalysis high degradation rate | potential to harmful due | [81]

to exposure to
carcinogenic UV light
Membrane technology membrane properties | membrane fouling [82], [83]
could be adjusted
small occupation area

high processing
efficiency

Ultrasonication compact require high energy [84], [85]
environmentally
friendly

Adsorption simple design require regeneration of | [10], [86],
cost-effectiveness the adsorbent [87], [88]
excellent approach for
removing organic
pollutants

Coagulation/flocculation | simple process require high dosage [86], [89],
good for reclamation or | produce massive sludge | [90]
removed pollutants and large particles

2.2.1 Adsorption
Adsorption is a change in concentration of a given substance at the interface compared with
the neighboring phases [91]. Adsorption can occur in the following systems: solid-liquid, solid-

gas, liquid-gas, and liquid-liquid.

Nowadays, adsorption is one of the most common methods used in industrial wastewater
treatment. For instance, adsorption could be used to remove and recover heavy metals in
wastewater, even at a low concentration. Therefore, adsorption is a practice and simple process
to apply in wastewater treatment compared with other methods. Adsorption methods have
several parameters to determine an effective technique, such as pH, adsorbent dose,

temperature, and contact time.
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The solution pH plays an essential role in the adsorption process; determining the initial pH
condition is vital for increasing pollutants' removal effectivity. pH condition in the solution
affects the ability between hydrogen ions in the functional group such as hydroxyl (OH),
carboxyl (COOH), amine (NH), and metal ions on the adsorbent surface [92].

The adsorbent dose is one of the critical parameters in the adsorption method due to the
adsorbent capacity's effect on the adsorbate initial concentration and plays an important role in
determining the optimum process [93]. The increasing adsorbent dose could increase removal

capacity due to greater surface area and more active adsorption sites [94].

The temperature is one of the parameters that impact the adsorption process due to affecting
physicochemical reactions. In endothermic reactions, the increasing temperature would

increase the reaction rate, whereas, in exothermic reactions, the increasing temperature would
decrease the reaction rate [95].

Adsorption capacity could be described by contact time. Therefore, the adsorption process
requires a specific time to reach equilibrium which is the time when the adsorption is completed

[86]. In the application of contact time, there is time variation to achieve maximum process
depending on adsorbent material and adsorbate.

2.2.2 Adsorption mechanism

The adsorption method is widely used in wastewater treatment due to effective and efficient

factors. During adsorption, several steps occur until the process finishes. The adsorption
mechanism is shown in Figure 4.

Contaminant

molecule
\ ,,'" step 4
step 1 {
>
§ HERE step 3
4 adsorbent

Figure 4. Adsorption mechanism [96]
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The adsorption mechanism followed four steps, i.e. [97]:

1) The solution transfers the contaminant molecules/solute to the boundary layer of
the adsorbent.

2) Diffusion occurs from the boundary layer to external surface of the adsorbent.
3) Transport from the external surface to active sites of pores.
4) The adsorption of the sorbate to the solid phase.

Adsorption processes are divided into two types, shows in Figure 5. Physical adsorption
(physisorption) and chemical adsorption (chemisorption) have different processes. The
physisorption responsible for attractive forces in molecules and generally occurred with a
relatively low degree of specificity, whereas chemisorption responsible for the structure of

chemical compounds due to involves electrons exchanges [98], [99].

Diffusion potential

Adsorbate ) 4 Available external area Y Available pore
of adsorbent surface for adsorbent

v

Active sites of pores

| Chemisorption |‘7 ¢

Adsorption
| Physisorption |¢—

v

Figure 5. Pathways of adsorption process [100]
2.2.3 Adsorption modelling
The common method for evaluating the adsorption mechanism is adsorption isotherm and
kinetics. The adsorption isotherm is described of equilibrium concentration between the solute
concentration in the liquid and that on the surface of the adsorbent [101]. In contrast, adsorption
kinetics is described diffusion behavior the adsorption rate of solute [102]. The nonlinear forms

of adsorption isotherm and kinetic models shows in Table 5.
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Table 5. The nonlinear forms of adsorption isotherm and kinetic models

Isotherm
models

Equation nonlinear form

Parameters

Langmuir

_ QmKLCe

= 1Tk.c,

Ce: equilibrium
concentration of
adsorbate

ge: amount of sorbed
per gram of adsorbent
Qm: maximum
monolayer  coverage
capacity of sorbent

KvL: Langmuir isotherm
constant related to the
energy of adsorption

Freundlich

e = KfCen

Kt Freundlich
isotherm constant, an
approximate indicator
of adsorption capacity
n: adsorption
intensity/heterogeneity
parameter

Harkins—Jura

A N\
e = (B —log Ce>

A: Harkins—Jura
isotherm parameter

B: equilibrium constant
of Harkins—Jura

Aranovich—
Donohue

— ( Qmche ) < 1 )
9= \1+k,c,)\0=K,C,)m

Kiand Kz: equilibrium
constant of Aranovich—
Donohue

n2: modified form of
the second term on the
right side of the BET
Equation

Brunauer—
Emmett—Teller

de

KS Ceq

:Qm(

1—K;Coq)(1 — K Coqg + KsCoq)

Ks: the equilibrium
constant of adsorption
of the first layer

KL:  the equilibrium
constant of adsorption
for upper layers of
adsorbate  on  the
adsorbent

Kinetic models

Equation nonlinear form

Parameters

Pseudo-first-
order

qr = qo (1 —e7Fat)

q: amount of metal
sorbed at time t

ki: the first-order rate
constant

Pseudo-second-
order

_ qgkzt
e 1+ k,q,.t

ko: the second-order
rate constant.
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- 1 - - -

Elovich g, = Eln(l +apt) g(.):]k;faﬁiowch Equation
B: the constant of
desorption.

Intra-particle g, = kigVt+C Kia: the constant of

diffusion intra-particle diffusion
C: is a constant
describing the
boundary layer
thickness

According to Table 5, there are several models in isotherm adsorption. However, Langmuir
and Freundlich are standard models used for monolayer adsorption. Langmuir isotherm model
has two key points in the adsorption process. First, homogeneous adsorption occurs in the
adsorbent. Second, adsorbed molecules form a saturated layer on the adsorbent surface so that
maximum and monolayer adsorption occurs. The Freundlich isotherm model assumes
adsorption capacity has relation to the ion concentration at equilibrium, and adsorption occurs

in the heterogeneous surface, also not suitable for low sorbate concentration [103], [104].

Furthermore, the standard model in the kinetic models is pseudo-first-order and pseudo-
second-order. The kinetic model could explain the adsorption process and possible rate-
controlling steps, such as chemical reaction processes or mass transport [105]. Generally, when
adsorption occurs through diffusion through the interface, the kinetic model follows pseudo-
first-order. However, pseudo-second-order has a benefit where equilibrium adsorption capacity
could be calculated from the model and no need to calculated adsorption equilibrium capacity

from the experiment [106].

2.2.4 Adsorbent

The adsorbent is an essential factor in the adsorption process. Adsorbents can capture pollutants
substances onto itself and has porosity also insoluble in water [107]. The utilization of
adsorbent usually considers several aspects, such as cost and adsorbent characterization.
However, the cost and characteristics of these compounds can influence maximum removal in

wastewater.

Firstly, the adsorbent key factor is adsorption capacity, where the adsorbent could adsorb the
adsorbate onto its surface. Secondly, excellent adsorbent criteria are short adsorption periods
in the adsorption process [108]. Thirdly, adsorbent with high porosity has a higher surface area

with high adsorption capacity [109].
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Adsorbents could be classified into two types that are conventional and non-conventional
adsorbents. Conventional adsorbents consist of activated carbons, ion-exchange resins
(polymeric organic resins), and inorganic materials such as activated alumina, silica gel,
zeolites, and molecular sieves. Non-conventional adsorbents consist of industrial/agriculture
by-products such as sawdust, bark, solid waste, red mud, etc., and biological by-product such
as biomasses, peat, chitosan, other polysaccharides [110].

Non-Conventional/Natural adsorbent origin is from natural materials or industrial waste/by-
products such as agriculture, food, etc. It has a low cost and could be directly used or after
minor treatment [111]. For instance, agriculture waste is one of the foremost abundant
renewable resources globally and available in a considerable amount [112], becoming a source
of porous materials rich in active functional groups [113]. Therefore, agriculture waste is a

potential material that could be utilized in wastewater treatment.

Currently, the researcher is focused on developing a natural adsorbent as an alternative for
substituting a chemical adsorbent [114]. The main advantages of natural adsorbents are
increase efficiency economically due to a low cost and provide a high removal rate for the
highly toxic wastewater [115]. However, natural adsorbents also have disadvantages such as
the adsorption process running slow and pH parameter as the main factor to influence the
adsorption effect [116].

Several natural adsorbents have been studied for pollutants removal from wastewater. For
instance, Bellahsen et al. [117] applied natural adsorbents from the banana peel, compost, bark,
wheat husk, wheat bran, sugar beet pulp, and pomegranate peel for the adsorption of
ammonium. The result shows pomegranate peel powder (PPP) could achieve 97% removal

however, other materials showed a negative and low adsorption ability.

Furthermore, Baby et al. [118] reported that the use of agricultural waste palm kernel shell as
an adsorbent to remove heavy metals-contaminated water. In this study, heavy metals such as
Pb?*, Cr*, Cd** and Zn?* could be removed effectively from the water. The optimum condition
of contact time was 60 minutes for Pb?* and Cr®* and 90 and 120 minutes for Cd?* and Zn?*,
respectively. The percentage of removal obtained 99% for Pb?* and Cr®*, and Zn?" and Cd?*
obtained 83%. The adsorption capacity of Pb?" and Cr®* was achieved 49.64 mg/g and 49.55
mg/g, respectively, whereas Cd?* and Zn?* were achieved 43.12 mg/g and 41.72 mg/g,

respectively.
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Other than that, Zulkania et al. [119] found that the application of activated carbon and bio-
sorbent produced from palm fibre wastes (PFW) and activated by phosphoric acid. The
adsorbent was investigated to remove MB with the effect of adsorbent type and phosphoric
acid concentration. The contact time was found in 90 minutes. The result shows optimum
adsorption was obtained using activated carbon with 10% (v/v) bio-sorbent activating agent
concentration and using bio-sorbent with 30% (v/v) activating agent concentration. The
adsorption capacity and percentage of removal from activated carbon were 9.85 mg/g and 98.5

%, respectively, while bio-sorbent was achieved 9.98 mg/g and 99.8%, respectively.

The modification of rice husk (RH) or rice husk ash (RHA) was investigated by Phan et al.
[120] used Triamine-activated rice husk ash (TRI-ARHA) is a potential natural adsorbent for
nitrate and other anions removal. The TRI-ARHA shows a nitrate adsorption capacity (>160
mgNQOzs7/g) compared to the anion exchange resin akulite A420 (~80 mgNOs7/g), with 10
cycles of adsorption-desorption. Similar result were obtained by Mor et al. [121] using the
activated rice husk ash (ARHA) to remove phosphate in wastewater and water. The ARHA
would enhance the adsorption capacity for phosphate with maximum removal of 89% with pH
7, 2 g/L doses, and a time of 120 minutes.

Furthermore, the study by Thuy et al. [122] applied magnesium chloride modified carbonized
rice hull (MCRH) to remove ammonium from synthetic and domestic wastewaters. During the
27 hours long treatment, MCRH with 1.8 g/L concentration could remove of ammonium
reached 90.7 % (capacity of 41.0 mg/g) for 81.3 mg/L synthetic wastewater and 86.8 % for real
domestic wastewater. The Langmuir model was the best model for this study, and based on the

Dubinin-Radushkevich model, ammonium was physically adsorbed on MCRH.

Mitra et al. [123] showed that the addition of RH as an adsorbent in continuous column mode
for the removal of Pb (1) and Cr (VI) ions with pH 2-6. The result shows increasing influent
concentration (10-30 mg/L) indicates the increased capacity of adsorbent for Pb (I1) and Cr
(VI) from 5.72 to 22.99 mg/L and 2.8-10.18 mg/L, respectively. According to the result,
statistical analysis obtained the Thomas model and the Yoon—Nelson model.

2.3 Application of rice husk

The material used in wastewater treatment has an excellent property for increasing wastewater
quality. Nowadays, researchers use natural materials as an alternative for substituting chemical
materials. In previous research, measurements of the properties of those materials have been

taken. For instance, RH has properties in the presence of carboxyl and silanol groups. Besides
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the use of RH for wastewater treatment, the application of RH could be used in varied sectors
as in below [124]:

a) Bio-fertilizer
b) Control of pest

¢) Insulation of thermal

RH is formed from a combination of cellulose, hemicellulose, lignin, and carbon with

appreciable amounts of silica and other minor substances, as shown in Table 6.

Table 6. Properties of RH

Amount (%) Amount (%) Amount (%)

No Properties Values [125] [126] [127] [128]

1 Bulk density 86-114 kg/m3 0.72 - -

2 Moisture contents 8.68-10.44% 9.38 - -

3 Particle size 0.212-0.850 mm - - -

4 Calorific values 3000 KCal/kg - - -

5 Ash - 11.34 - 17-20
6 Volatile Matter - 6.74 - -

7 Carbon - 20.63 - -

8 Silica - - 15-17 -

9 Cellulose - - 25-30 28.643.3
10 Hemicellulose - - 18-21 22-29.7
11 Lignin - - 26-31 19.2-24.4

In RH properties, there are polysaccharides such as cellulose and hemicellulose, where
cellulose contains S-glucose monomers, whereas hemicellulose contains other sugars such as
mannose, arabinose, galactose, rhamnose, and xylose. Furthermore, RH has a lignin component
that involve

and polymeric aromatic structures the oxidative coupling of 4-

hydroxyphenylpropanoids, coniferyl, synapyl alcohols, and primarily p-coumaric [129].

The metal contents in the original RH are shown in Table 7. The ion K high element was 2.676
mg/g, followed by Ca. The eutectic reaction occurs in Na, K, and SiO2 during the burning

process of RH.

Table 7. Metal contents of RH [130]

Sample Metal contents (mg/g)
Al Fe Na Mg Mn Ca K
Rice husk 0.04 0.12 0. 0.36 0.36 1.47 2.68
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The rice husk goes through several steps until it is ready for use in various applications. Rice
husk processing could produce silica through thermal and chemical methods. Figure 6 shows

the method used for producing silica from rice husk.

Rice husk

T~

Thermal treatment (500°C-800°C) Chemical treatment

Rice husk is burnt into

Furnace Reactor rice husk ash

1) Fluidized bed reactor
2) Rotary kiln

1) Electrical/muffle furnace Alkaline Acid leaching
2) Fixed bed furnace treatment treatment
3) Inclined step-grate furnace
4) Cyclone furnace l
l v
v Heated at 1100°C-1200°C Heated at 500°C-900°C
Amorphous silica Amorphous silica l
v
Crystaline silica Amorphous silica

Figure 6. Methods for producing silica from rice husk [131]

The thermal treatment uses a physical process to produce silica. In thermal treatment, RH
would be burning at a temperature of 500-800°C with two pieces of equipment, such as a
furnace and a reactor; both thermal treatments produce amorphous silica. This treatment was
relatively easy due to there is no chemical added to the process. Otherwise, in chemical
treatment, there is two preparation before heated such as alkaline and acid leaching. The
temperature for burning at 1100-1200°C and 500-900°C for produce crystalline and amorphous
silica, respectively.

2.3.1 Rice husk and its modification as a bioadsorbent for dyes removal
The research conducted by Alver et al. [63] used the magnetic alginate/rice husk bio-composite

beads for MB adsorption. The result shows that the maximum adsorption capacity of magnetic
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alginate/rice husk beads was obtained at 274.9 mg/g with the optimum pH solution (range 6-
10). Besides, in a study by Sharma et al. [132], RH and RHA were used for the adsorption of
MB in aqueous waste. The higher capacities for removing MB by adjusting pH around 7, time

of 30 minutes, and temperature setting of 323°K.

In the study by Quansah et al. [133], RH utilization for removing MB and crystal violet (CV).
The RH used varying dosages in the 0.05-1.0 g range, with the concentration of dye MB and
CV 400 mg/L and 300 mg/L, respectively. The result shows the optimum temperature at 75°C
with removal percentage of MB and CV was from 53.7% to 97.7% and 57.4% to 98.2%,
respectively. Therefore, the total removal percentages of MB and CV were 95% at pH 4-10.
Besides, the study by Yusmaniar et al. [134] used mesoporous silica adsorbents from rice husk
ash to remove methyl orange dyes. The result shows the percentage of removal and adsorption
capacity was 74.6% and 0.2 mg/g, respectively, with the optimum condition at pH 2 and contact

time is 30 minutes.

The research by Moeinian and Mehdinia [135] used the silica derived from RH prepared in a
furnace at 800°C for 4 hours after acid leaching with sulfuric acid and chloride acid. The result
shows that the maximum removal efficiency of MB by the rice husk silica was 96.7%. The
optimum condition of MB concentration is 10 mg/L, the adsorbent dosage is 1 g/L, the contact
time is 60 minutes, and the pH is 8. Moreover, the study by da Rosa et al. [136] used the
delignification process from RH waste as an adsorbent for removing MB. The study showed
that the adsorbent capacity and equilibrium were obtained at 1350 mg/g and around 30 seconds,

respectively.

The study by Malik et al. [137] used the RH, rice husk char (RHC), and chemically modified
rice husk char (CMRHC) for the removal of congo red (CR) dye. The result shows that the
percentage removal of CR in RH and RHC was 88.7% and 92.3%, respectively, whereas
CMRHC with pH 6 could remove 98.9%. Furthermore, the research by Dahlan et al. [138] used
magnetic adsorbent rice husk ash (MRHA) to remove brilliant green (BG) dye from an aqueous
medium. The result shows the percentage of removal BG obtained 96.7% with the optimum
condition at pH 7, the dosage of adsorbent is 2 g, the concentration of dye is 200 mg/L; contact

time is 60 minutes, temperature 50°C, and speed of agitation is 150 rpm.

The adsorption of malachite green (MG) was studied by Zou et al. [139] using the natural rice
husk (NRH) and oxalic acid-modified rice husk (MRH). The result shows that the maximum
adsorption capacities of NRH and MRH were achieved at 28 mg/g and 54 mg/g, respectively.
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The study by Bayrak Tezcan et al. [140] reported the removal of basic yellow 51 (BY51) using
rice husk (RH) and burned rice husk (BRH). The results show that maximum adsorption

capacities were obtained at 38.8 for RH and 49 mg/g for BRH.

2.4 Implementing color evaluation from reusing of dyes for cotton fabrics

In the realm of color quality evaluation, traditional methodologies have centered around
colorimetric approaches, notably employing systems such as the CIE L*a*b framework
established by the Commission International de L'éclairage. This framework, incorporating
metrics such as lightness (L*), chromaticity coordinates for redness or greenness (a*), and
yellowness or blueness (b*), serves as a cornerstone for commercial standardization and
gradation across diverse applications, including photography and image processing [141],
[142].

Its designation as a chromatic value color space stems from its capacity to encapsulate the vast
spectrum of visually perceptible color shades encountered in surface colors, underscoring its
utility and versatility in color characterization [142]. The adoption of the CIE L*a*b color
space rests upon two pivotal considerations: its fidelity to human visual perception and its
formulation on a device-independent mathematical model. This device independence ensures
the consistent and faithful representation of color values across varied devices, irrespective of
calibration settings, thereby guaranteeing accurate color reproduction across monitors, screens,
and printers [143].

While colorimetric systems boast multifaceted functionalities, their primary emphasis typically
lies in quantifying CIE L*a*b parameters, such as A (L*, a*, b*), to gauge color quality,
alongside AE for evaluating color tolerance within the continuous dyeing spectrum. However,
their efficacy in monitoring color uniformity remains somewhat limited [141]. The three-
dimensional depiction of the CIE L*a*b color space, as depicted in Figure 7, facilitates precise
color characterization by utilizing L*, a*, and b* coordinates, organized along three opponent

axes.

Rooted in color-opponent theory, this model posits that colors cannot concurrently manifest as
red and green or yellow and blue. Accordingly, disparities in L*, a*, and b* values, denoted as
AL*, Aa*, and Ab* respectively, may assume positive or negative magnitudes, with the

aggregate color difference, AE*, consistently yielding positive values [144].

e AL* (L* sample minus L* standard) = difference in lightness and darkness (+ = lighter,
- = darker)
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e Aa* (a* sample minus a* standard) = difference in red and green (+ = redder, - =
greener)
e Ab* (b* sample minus b* standard) = difference in yellow and blue (+ = yellower, - =

bluer)

e AE* =total color difference

The inevitable divergence in coloration between batches of textile materials underscores the
imperative for consensus between clients and manufacturers regarding acceptable quality
standards. Objective color assessment, facilitated by instruments such as colorimeters or
spectrophotometers, supplants subjective evaluations, furnishing quantitative metrics for
precise identification, specification, and alignment of colors, thereby mitigating human errors
and ensuring product integrity [145].

Figure 7. The three-dimensional depiction of the CIE L*a*b color space [146]
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3 Aims

The primary objective of this Ph.D. thesis is to develop a highly efficient bioadsorbent from

RHs of different origins for dye removal and recovery from aqueous solutions. This study

promises to improve sustainable and environmentally friendly wastewater treatment

technologies, including reducing wastewater pollutants, recycling and recovering dye, and

reusing agricultural waste.

To achieve this overarching goal, the following specific objectives have been delineated:

1.

Characterization of the physicochemical properties of the Hungarian rice husk (HRH)
and Indonesian rice husk (IRH) utilizing appropriate analytical techniques and
methodologies.

Examination of the influential parameters governing the adsorption of MB and BR9
adsorption from single dye solution by the HRH and IRH using batch adsorption
experiments.

Determination of kinetic and isotherm models that properly describe the mechanisms
and properties of MB and BR9 adsorption from single dye solution by the HRH and
IRH.

Examination of the influential factors affecting the adsorption of MB and BR9
adsorption from binary dyes solution by the HRH and IRH using batch adsorption
experiments.

Determination of kinetic and isotherm models that properly describe the mechanisms
and properties involved in the adsorption of MB and BR9 from binary dyes solution by
the HRH and IRH.

Verify the efficiency of the HRH and IRH in removing MB from real wastewater using
batch adsorption experiments.

Identification of the influential parameters affecting the adsorption of MB from real
wastewater by the HRH and IRH.

Determination of kinetic and isotherm models that properly describe the mechanisms
and properties of MB adsorption from real wastewater by the HRH and IRH.
Implementation of the hydrogen carbonization method to enhance the adsorptive

properties of the RH for MB removal.

10. Exploration of the novel physicochemical properties of the RH Hydrochar.
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11. Comparison of the contact time parameters for MB adsorption from real wastewater
between the RH Hydrochar and raw RH.

12. Investigation of the desorption and regeneration studies of HRH and IRH.
13. Investigation on the recovered of MB dye for cotton fabrics.
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4 Materials and Methods
4.1 Dyes preparation

4.1.1 Single and binary dye solutions

MB and BR9 solutions were prepared by dissolving 1 g of the dye (MB from Molar Chemical,
Halasztelek, Hungary and BR9 from Sigma—Aldrich, St. Louis, MI, USA) in 1 L of distilled
water. Further, MB (Molar Chemical) and BR9 (Sigma-Aldrich) were diluted using stock
solutions (1000 mg/L) and mixed for binary solutions. The mixture was diluted with distilled
water to obtain the target concentration. Sodium hydroxide (NaOH) and hydrochloric acid
(HCI) solutions were used to modulate the pH levels of the dye solutions. All the substances
utilized in the experiments, including MB, BR9, NaOH, and HCI, were of analytical reagent

quality.
4.1.2 Methylene blue model wastewater stock solution

A wastewater stock solution containing MB (1000 mg/L) was prepared to imitate the
composition of dye-containing wastewater originating from textile industries. The solution was
prepared by dissolving 1 g of MB (Molar Chemical, Hungary), 22.5 g of Na2SOs4, and 5 g of
Na2COs in 1 L of distilled water, which was maintained at a temperature of 80 °C for 1 h [147].
The pH of the dye solutions was modified using sodium hydroxide (NaOH) and hydrochloric
acid (HCI) solutions. All chemicals utilized in this study were of analytical reagent quality.

4.2 Bioadsorbent preparation

The raw materials (RHs) for the experiments were obtained from Indonesia and Hungary.
Indonesian rice or Oryza sativa subsp. Javanica (tropical japonica) rice was harvested in the
2020 cropping season in Cianjur City, Indonesia, by smallholder farmers in a rainfed rice field
where the irrigation source was rainwater and a small amount of fertilizer was used. Hungarian
rice or Oryza sativa subsp. Japonica var.M488 (Hungarian Plant Breeding) was harvested in
the 2020 cropping season in Kisujszallas City, Hungary. It was produced by Nagykun 2000
Mezdgazdasagi Zrt using Kubani technology, namely, seedbed preparation, sowing in warm
weather (20 April and 10 May), and germination in flooded troughs. At the beginning of
sowing, the area was watered constantly, with one-third of each plant in water. Each RH sample
was washed using distilled water until the pH was constant and then vacuum-dried in an oven
at 105 °C for 120 min without inert gases. Finally, the dried material was crushed and ground

to the desired size (<250 um) for the adsorption experiments.
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4.3 Hydrochar preparation

Hydrothermal carbonization was carried out in a 2 dm? batch reactor (Parr 4520, Moline,
Illinois, USA). The reactor, equipped with an electric heater and stirrer controlled by a Parr
4842 microprocessor control unit, was loaded with 100 g of material and 400 g of distilled
water, then sealed hermetically. Nitrogen was used to purge any remaining oxygen. The
mixture was heated to the desired temperature (with a tolerance of £2°C), and the pressure was
increased to the set value by introducing 99% pure nitrogen (Messer Tehnogas AD, Novi Sad,
Serbia). The experiment was performed at a temperature of 250 °C, with a pressure of 8.0 MPa,
a reaction time of 120 minutes, a stirrer speed of 670 min', and a dry matter concentration in
the reactor of 18.17 + 0.264%. After the reaction time, the reactor was cooled with water. Once
the temperature of the solid-liquid mixture inside the reactor dropped to 30°C, the pressure
control valve was opened, and the mixture was removed. The mixture was then filtered to
separate the process water from the wet hydrochar using gravity filtration with circular filter
paper (20 um, @110 mm, 5892 white ribbon ashless, Schleicher and Schuell, Dassel, Germany)
and a vacuum pump. The wet hydrochar was dried to a constant weight for 24 hours at 105 +
2°C in an oven (Sterimatic, ST-11, Instrumentaria, Zagreb, Croatia). The resulting dry

hydrochar was then analyzed further.
4.4 Characterization of RH
4.4.1 Chemical content analysis

Lignin and cellulose analyses were conducted according to the method of Chesson [148]. A
mixture containing 1 g of dried sample (a) and 150 mL of distilled water was heated in a water
bath at 90-100 °C for 1 h. The mixture was filtered, and the residue washed using 300 mL of
hot water. The residue was dried in an oven until the weight was constant (b). The residue was
mixed with 150 mL of 0.5 M sulfuric acid (H2SO4) and heated in the water bath at 90-100 °C
for 1 h. The mixture was filtered, washed using 300 mL of distilled water, and the residue dried
(c). The dried residue was soaked in 10 mL of 72 (m/m%) H2SOa4 at room temperature for 4 h.
Afterwards, 150 mL of 0.5 M H2SO4 was added to the mixture, which was refluxed in the water
bath for 1 h. The solid was washed using 400 mL of distilled water, heated in the oven at 105
°C, and weighed until a constant weight (d) was reached. Finally, the solid was heated until it
became ash, which was then weighed (e). The percentages of cellulose, lignin, and ash were
calculated using Equations (1)—(3):
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c—d
% Cellulose = — 100 (1)
d—
% Lignin = Te 100 2

e
% Ash = —100 3)
a

4.4.2 Zeta potential

A Nano ZS (Malvern, UK) dynamic light scattering apparatus with a4 mW He—Ne laser source
(A = 633 nm) was used for zeta potential measurements. RH suspensions were placed in
disposable zeta cells (DTS1070) and analyzed at 25°C. Suspensions were prepared as follows:
10 mg of RH was added into 10 mL of sodium chloride (0.01 M) at various pH. The pHs were
adjusted before measurement with 0.1 M HCI or 0.1 M NaOH and checked after the analysis.

4.4.3 Fourier Transform Infrared Spectroscopy (FT-IR) analysis

FT-IR analysis was performed using a Bruker Vertex 70 spectrophotometer (Ettlingen,
Germany) with a spectral resolution of 4 cm™!. Each spectrum was recorded from 500 to 4500
cm ! and composed from the average of 16 scans. After grinding the sample, 100 mg potassium
bromide (KBr) pellets were prepared with 1 w/w% of sample content and measured in

transmission mode.
4.4.4 Scanning Electron Microscopic (SEM) analysis

The morphology of the adsorbent surface was investigated with a Hitachi S-4700 Type Il
scanning electron microscopic (SEM) (Hitachi, Japan) using an accelerating voltage of 10
kV.

4.4.5 Batch adsorption studies
4.45.1 Single dye solution

IRH and HRH were used to remove MB and BR9 in batch adsorption experiments. Batch
adsorption was performed to determine the effects of certain parameters—pH, contact time,
initial dye concentration, adsorbent dose, and temperature—on their adsorption performance.
The influence of various pH values on MB and BR9 adsorption was investigated (pH 5-10 for
MB and pH 3-7 for BR9) by adjusting the initial pH of the solutions using 0.1 M HCI or 0.1
M NaOH. The influence of the initial dye concentration (30, 60, 90, and 120 mg/L), adsorbent
dose (125, 250, and 500 mg), contact time (5-120 min), and temperature (25 °C, 35 °C, and 45
°C) were investigated to obtain the optimal MB and BR9 adsorption conditions. In batch
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adsorption experiments, 250 mL of each aqueous dye solution was used, with a stirring speed
of 100 rpm. ( do you have a photo??)

4.4.5.2 Binary dye solutions

Batch adsorption experiments were conducted to assess the effect of pH (within the 3-7 pH
range), adsorbent dose (250, 375, and 500 mg), contact time (5— 60 min), and initial
concentration (between 30 and 120 mg/L) for MB and BR9 removal in binary adsorption.
Further, 250 mL of binary dye solutions with a constant 25°C temperature and stirring speed
of 100 rpm were applied for the experiment. Important factors that influenced MB and BR9
adsorption were identified using 23 factorial designs in Minitab® 20 statistical software (Table
8). Initial concentrations of binary dye solutions (30 mg/L for each dye), stirring speed (100

rpm), and optimum time (60 min) were kept constant.

Table 8. Factorial designs for binary dye solutions

Factor Coded symbol Low level (1) High level (+1)
Adsorbent type A IRH HRH
pH B 3 7
Dose C 250 500

4.4.5.3 Methylene blue model wastewater experiment

The HRH and IRH were used in a batch adsorption experiment to remove MB from the model
wastewater. The impact of pH on the adsorption of MB was examined in the pH range of 4-12
by modifying the initial pH of the solutions with either 0.1 M or 1 M HCland 0.1 M or 1 M
NaOH. In addition, the study examined the impact of various factors influencing the optimal
conditions of MB removal, including the initial concentration (ranging from 60 to 300 mg/L),
adsorbent dose (ranging from 0.2 to 1 g), particle size (ranging from 0.25 to 2 mm), and contact
time (ranging from 0 to 60 min). The adsorption of MB using RH hydrochar The hydrochar
experiment was conducted under optimal conditions to compare with the results obtained for
raw RHs. The batch adsorption experiments were carried out using 250 mL of MB model
wastewater that was stirred at 100 rpm.

4.45.4 Dyes measurement

After the adsorption process, the solution was centrifuged at 4000 rpm for 15 min using a
Heraeus Megafuge 16R centrifuge (Thermo Scientific, Waltham, MA, USA). The dye
concentration in the solution was measured spectrophotometrically using a Biochrom WPA
Lightwave 1l UV/visible Spectrophotometer (Cambridge, UK) and Agilent Cary 60 UV-vis
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spectrophotometer (Penang, Malaysia) at 664 and 545 nm (Amax) for MB and BRY,
respectively. The dye removal percentage was calculated using Equation (4):

Ci — Cr

% Removal = 100 (4)

Cl
where ci (mg/L) and ct (mg/L) are the initial and final dye concentrations, respectively, in the

aqueous solution. The amount of adsorbed dye in the aqueous solution was estimated using
Equation (5):

de = (¢ — Ce) % ()

where ge is the amount of adsorbate adsorbed by the adsorbent; ci (mg/L) and ce (mg/L) are the
initial and equilibrium dye concentrations, respectively, in the aqueous solution; V (L) is the
solution volume; and m (g) is the mass of the adsorbent in volume (V). Each reported
experimental result is the average of three replicate measurements, and error bars represent the

standard error of the average.
4.4.6 Isotherm and kinetic studies

4.4.6.1 Single and binary dye solutions

Isotherm studies were conducted using 500 mg of the adsorbent and 250 mL of the dye solution
(30-120 mg/L concentrations) at pH 10 for MB and pH 7 for BR9 and binary solutions.
Adsorption was conducted for a contact time of 2 h for single solution and 1 h for binary
solutions at room temperature. Two nonlinear isotherm models were used to evaluate the
adsorption isotherms of MB and BR9 namely, Harkins—Jura and Brunauer-Emmett-Teller
(BET) multilayer for single solutions and extended Langmuir and Brunauer—-Emmett-Teller

(BET) multilayer for binary solutions.

Kinetic studies were performed by adding 500 mg of the adsorbent to the 250 mL dye solution
at a fixed concentration (30 mg/L) at room temperature and the optimum pH (10 for MB and 7
for BR9 and binary solutions). The amount of adsorbed dye was recorded from 5 min to 120
min for single solution and from 5 min to 60 min for binary solutions. The adsorption Kinetics
for MB and BR9 were examined using nonlinear kinetic models: pseudo-first-order (PFO) and
pseudo-second order (PSO) for single solution and pseudo-first-order (PFO), pseudo-second-

order (PSO), Elovich, and Intra-particle diffusion for binary solutions.
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4.4.6.2 Methylene blue model wastewater

The isotherms were obtained by employing a dose of 600 mg of adsorbent and 250 mL of MB
model wastewater at concentrations ranging from 60 to 300 mg/L under a pH of 12. The
adsorption experiments were carried out at room temperature for 60 min. The adsorption
isotherms of MB were evaluated using three nonlinear isotherm models: the Harkins—Jura (HJ),
Aranovich-Donohue (AD), and Brunauer—Emmett—Teller (BET) multilayer models.

The kinetics of adsorption was investigated by adding 600 mg of adsorbent to 250 mL of 60
mg/L MB model wastewater. The experiments were carried out at room temperature and pH
12. The amount of adsorbed MB was measured for a 60-min period. The adsorption kinetics of
MB were analyzed using four nonlinear kinetic models, namely, the pseudo-first-order (PFO),

pseudo-second-order (PSO), Elovich, and intraparticle diffusion models.
4.5 Desorption and regeneration of adsorbent

To assess the feasibility of adsorbent regeneration, we selected two potential solvents for
desorption: 1 M HCI and 1 M NaOH solutions. To choose the most appropriate solvent, we
conducted an initial desorption experiment. For this purpose, the MB-containing RH was added
to 250 mL of HCI or NaOH solution at a stirring speed of 100 rpm for 60 min. Following the
desorption process, the solutions were centrifuged at a speed of 4000 rpm for 5 min using a
Heraeus Megafuge 16R centrifuge (Thermo Scientific, Waltham, MA, USA). The dye
concentration was measured spectrophotometrically using an Agilent, Cary 60 UV-vis
spectrophotometer (Penang, Malaysia) at 664 nm. The amount of MB desorbed and the MB

desorption efficiency (%) [149] were calculated based on Equations 6 and 7, respectively:

4
ea = Cdnf (6)
% Desorption = Ze—‘d 100 (7)

where ged and ge.a are the amount of MB desorbed and adsorbed, respectively; ca (mg/L) is the
concentration of desorbed MB; V (L) represents the solution volume, and m (g) represents the

mass of the adsorbent in volume (V).

Following each cycle, the adsorbent was cleaned with distilled water. Then, it was dried in an
oven at 80 °C for 15 min in preparation for adsorption in the subsequent cycle. To evaluate the
regeneration of the adsorbent, we performed a minimum of four successive

adsorption/desorption cycles. Then, the MB-containing RH was brought into contact with the
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most effective regenerating solvent, following the same approach as in the batch adsorption
process. Every reported experimental outcome is the mean value of three repeated

measurements, and the error bars indicate the standard deviation of the mean values.
4.6 Application dyes for textile cotton fabric

After desorption and separation with a centrifuge, the method of Moon and Chae [150] was
modified slightly and then applied to carry out the dyeing process. Accordingly, 150 mL filtrate
was used for dyeing cotton fabrics at 80 °C for 60 min. The cotton fabric was dried at room

temperature followed by color measurements.
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5 Results and Discussion

5.1 Characterization of RH
5.1.1 Chemical content

RH is a lignocellulosic material that can be utilized as an adsorbent for dye removal. The
chemical content of RH can be analyzed through various treatment methods, including acid
pretreatment. Sulfuric and hydrochloric acid solvents are commonly used for this treatment.
Acid pretreatment is suitable for lignocellulosic materials due to its ability to break down the

rigid structure of lignocellulosic materials into cellulose and lignin [151], [152].

The chemical content of RH was investigated and is shown in Figure 8. IRH has higher
cellulose and ash contents than HRH, but HRH has higher lignin content. The higher ash
content in IRH may influence its adsorption capacity [28], [29]. In general, RH contains 28.6—
43.3 cellulose, 19.2-24.4 lignin, and 11.3-20 ash [30], [31]. Cellulose contains B-glucose
monomers, whereas lignin contains polymeric aromatic structures that involve the oxidative
coupling of 4-hydroxyphenylpropanoids and the three primary monolignols (coniferyl, sinapyl,
and p-coumaryl alcohols) [32].
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Figure 8. Chemical content of RHs
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5.1.2 Zeta potential values

The zeta potential is an essential tool for understanding the charge characteristics of particles.
Zeta potential measurement is also known as electrokinetic potential measurement, which is
conducted to analyze particle charges and predict the stability of nanoparticles in a colloidal
dispersion [153]. The zeta potential values of the RHs are shown in Figure 9a,b. There is a lack
of zeta potential measurement where environmental changes, such as changes in pH and ion
strength, occur [154]. The zeta potential sign is negative at all studied pH values. An increase
in pH can decrease the zeta potential value, thus increasing the negative charges on the RH
surface. RH functional groups, such as carboxyl and phenolic groups, contribute significantly
to the RH surface charge.
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Figure 9. Zeta potential value for (a) Hungarian rice husk (raw and hydrochar) and (b) Indonesian rice husk (raw

and hydrochar)

The increasing pH can enhance the deprotonation of the surface groups because of the
weakening interaction between the surface functional groups and H*. Meanwhile, at more
acidic pH values, the RH surface shows high protonation of the surface due to the association
between the surface functional groups and H* [155], [156]. The negative surface contributes to
the RH functional group’s ability to adsorb positive ions [157]. At pH 12, the zeta potential of
HRH and HRH hydrochar achieved maximum values of —27.2 mV and —53.2 mV, respectively.
Meanwhile, IRH and IRH hydrochar achieved maximum values of —25.1 mV and —55.8 mV,
respectively. Therefore, RH and RH hydrochar can be considered proper adsorbents for

cationic dye removal.

5.1.3 Fourier Transform Infrared Spectroscopy (FT-IR) analysis

FT-IR analysis were conducted to characterize the RH samples before and after the adsorption
of dyes (Table 9 and Figure. 10). The bands observed were similar to the ones investigated by
Antil et al. [158]. Before adsorption, the band at 3427 cm™! (IRH) and 3411 cm™! (HRH) is due
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to O—H bonds stretching in lignocellulose materials. The bands at 2929 cm™! (IRH) and 2925
cm™! (HRH) can be attributed to C—H bonds stretching. Further, the bands at 1736 cm™! (IRH)
and 1735 cm™' (HRH) due to C=0 bonds stretching of aldehyde groups in the hemicellulose
component [159]. The bands at 1646 cm™! (IRH) and 1654 cm™! (HRH) can be attributed to O—
H bonds. The bands at 1102 cm™! (IRH) and 1099 cm™!' (HRH) can be ascribed to stretching
Si—O-Si bonds. Finally, the bands at 804 cm™' (IRH) and 800 cm™' (HRH) refer to the presence

of Si—O bonds in the rice husk structure.

The bands shift after MB adsorption. The bands at 3407 cm™! and 3444 cm™! are due to the O—
H bonding interaction between MB and RH. The bands at 2925 cm™! and 2933 cm™! indicate
the stretching vibration of the —CHs in the dimethylamino groups. The band at 1605 cm™! is
attributed to the heterocyclic stretching vibration of C=N. The bands at 1335 cm™! and 1331
cm! are ascribed to the stretching vibrations of the C—N bonds in the dimethylamino groups
[59].

After BR9 adsorption, the bands shift to 3399 cm™ and 3382 cm™! due to the stretching
vibrations of O—H and N-H bonds. The bands at 2921 cm™! and 2933 cm™! are due to the
symmetric and asymmetric stretching vibrations of the C—H bonds in the —-CHs and CH2 groups.
The bands at 1593 cm™! and 1519 cm™! are ascribed to the stretching vibrations of C=N and
C=0 bonds, respectively. The bands at 1164 cm™' and 1168 cm™' indicate the stretching
vibrations of C—N bonds.

After the adsorption of MB and BR9 in binary solutions, the original band positions shifted,
and new bands appeared. The band at 1602 cm™! due to C=N and C=0 bonds stretches. The
bands at 1334 cm ™! and 1166 cm™! can be attributed to C—N bonds stretching: the former band
is specific for dimethylamino groups [160].

The IR spectra of RHs change after hydrogen carbonization. The bands seen at 3408 cm™* and
3423 cm™* correspond to the stretching vibrations of O—H bonds, which are distinctive features
of alcohol groups in cellulose, hydroxyl groups in water, and phenol in lignin [161]. The band
at 2929 cm™* can be attributed to the vibrational motion of C—H bonds in —-CH3 and —CHz
groups. The band at 1701 cm™ corresponds to the stretching vibrations of C=0 bonds in
cellulose and lignin [162]. The presence of C=C bonds in the aromatic rings of lignin is
indicated by the bands observed at 1608 cm™* and 1598 cm™*. Additionally, the bands observed

at 1112 cm™* and 1110 cm™ indicate the existence of C—O stretching vibrations in the raw

42



materials of lignocellulose, whereas the bands at 798 cm™ and 800 cm™ can be attributed

to C—H bonds in the aromatic rings.

Table 9. FT-IR absorption bands of RH

Absorption band (cm?)

IRH| HRH | IRH + MB HRH + MB IRH + BR9 HRH + BR9 Assignment
3427 | 3411 3407 3444 3399 3382 O-H and N-H
2929 | 2925 2925 2933 2921 2933 C-H, -CHs or -CH:
1736 | 1735 - - - - C=0
1646 | 1654 - - - - O-H
- - 1605 1605 1593 1519 C=Nand C=0
- - 1335 1331 - - C-N
- - - - 1164 1168 C-N
1102 | 1099 - - - - Si-O-Si
804 | 800 - - - - Si-O
Table 10. FT-IR absorption bands of RH (continued)
Absorption band (cm?)
IRH (MB+BR9) | HRH (MB+BR9) | IRH Hydrochar HRH Hydrochar Assignment
3413 3422 3423 3408 O-H and N-H
2927 2927 2929 2929 C-H, -CHs or —-CH:
1733 1738 1701 1701 C=0
1647 1652 - - O-H
1602 1602 - - C=Nand C=0
1598 1608 c=C
1334 1334 - - C-N
1166 1166 - - C-N
1098 1098 1110 1112 Si-O-Si
803 808 800 798 Si-O
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Figure 10. FT-IR absorption spectra for (2) Raw RH (b) after adsorption single solutions, (c) RH Hydrochar

after adsorption binary solutions, and (d) after adsorption binary solutions

5.1.4 Scanning Electro Microscopic (SEM) analysis

The surface morphology of RH and its hydrochar can be analyzed by SEM, as shown in Figure
11. The micrographs show that the surfaces were highly irregular and could not be
characterized by any well-defined morphology, containing only a few fine particles (Figure
11a,b). This characteristic is ascribed to the fiber structure of the raw biomass material. After
hydrothermal carbonization, the previous surface of the raw RH changes, revealing degradation
during the carbonization process. The RH is transformed into smaller particles with rough

surfaces and porous structures. The observed change is probably caused by structural

reorganization during hydrothermal carbonization [163], [164].
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Figure 11. SEM images of (a) Hungarian rice husk, (b) Indonesian rice husk, (c) Hungarian rice husk hydrochar,

and (d) Indonesian rice husk hydrochar

5.2 Adsorption of cationic dyes using RH from aqueous solution
5.2.1 Effect of pH

The solution pH affects the ability of hydrogen ions (H* or protons) to bind to functional groups
on an adsorbent surface, for example, carboxyl (COOH), amine (NH), phenolic hydroxyl (OH),
and metal ions [92]. The MB removal percentages at pH 5-10 are shown in Figure 12a. IRH
and HRH achieve a maximum MB removal percentage of 96% at pH 10. This result is
supported by the zeta potentials of IRH and HRH, which are equal at pH 10. These findings

agree with those of Labaran et al. [165], where MB removal occurred under alkali conditions.
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Figure 12. Effect of pH on MB (a) and BR9 (b) removal by rice husks of different origins (concentration value:
2 g/L; initial concentration of dyes: 30 mg/L; temperature (T°): 25 °C; time (t): 120 min)

The BR9 removal percentages at pH 3—7 are shown in Figure 12b. IRH and HRH achieve
maximum BR9 removal percentages of 82% and 87%, respectively, at pH 7. This result is
confirmed by the zeta potential of HRH, which is higher than that of IRH at pH 7. These

findings agree with those reported in a previous study on the use of activated Gossypium
hirsutum seeds for BR9 removal [70].

The dye removal percentage increases under alkali conditions for MB and neutral conditions
for BR9 but decreases under acidic conditions. This is because of the protonation and
deprotonation of the functional groups on the adsorbent surface and the dye molecules. At low
(acidic) pH values, the number of hydrogen ions (H* or protons) in the solution increases and
more functional groups on the RH surface are protonated. This competition with H* ions for
surface sites reduces the probability of cationic MB adsorption on the RH surface. However,
increasing the pH toward alkali conditions reduces the number of hydrogen ions (H* or protons)

near the surface. Thus, the functional groups on the RH surface become more deprotonated,
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thereby affecting the charge density and strengthening the Coulomb interaction between the
negative charge of the adsorbent and the positive charge of the dye molecules [166], [167].

5.2.2 Effect of initial dye concentration

The effects of various initial dye concentrations (30, 60, 90, and 120 mg/L) on MB and BR9
removal by IRH and HRH at room temperature were studied, as shown in Figure 13a,b. The
amounts of MB (120 mg/L) adsorbed using IRH and HRH in the aqueous solutions are 55.6

mg/g and 55.7 mg/g, respectively. The amounts of BR9 (120 mg/L) adsorbed using IRH and
HRH are 53.9 mg/g and 54.3 mg/g, respectively.
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Figure 13. Effect of initial concentration on MB (a) and BR9 (b) removal by rice husks of different origins (pH:
10 for MB, 7 for BR; concentration value: 2 g/L; temperature (T°): 25 °C; time (t): 120 min)

As the initial dye concentration increases, the amount adsorbed (mg/g) at equilibrium (qe)
increases. At higher initial concentrations, the driving forces increase and the RH surface is
saturated because the number of unoccupied active sites on the adsorbent decreases. The mass

transfer of dyes from the solutions to the RH surface reduces, reducing the adsorption rate
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[117], [168], [169]. Therefore, adsorption depends on the initial dye concentration. In general,

no significant differences are observed between the use of IRH or HRH at various initial dye
concentrations.

5.2.3 Effect of adsorbent dose

The effects of different adsorbent doses (125, 250, and 500 mg) on adsorption were studied
using 250 mL of each dye solution. The adsorbent dose is an important parameter for
determining optimal adsorption conditions because the adsorbent capacity is affected by the
initial dye concentration [93]. The maximum MB removal percentage of IRH and HRH at 500
mg is 96%. An increase in the adsorbent dose from 0.5 g/L to 2 g/L can improve the removal
percentage. The effects of the doses of the two adsorbents are shown in Figure 14a,b.
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Figure 14. Effect of adsorbent dose on MB (a) and BR9 (b) removal by rice husks of different origins (pH: 10
for MB, 7 for BR9; initial concentration of dyes: 30 mg/L; temperature (T°): 25 °C; time (t): 120 min)

The maximum BR9 removal percentages of IRH and HRH are 82% and 87%, respectively.
The removal patterns for both dyes are similar—the removal percentage improves with the

adsorbent dose. Increasing the adsorbent dose can enhance the removal capacity by increasing
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the active adsorption sites and surface areas [170], [171], thus increasing the available active
sites for the adsorption of dyes.

5.2.4 Effect of contact time

The contact time parameter is used to determine the equilibrium time. Depending on the
adsorbent material and the adsorbate, the adsorption process requires a certain period to achieve
equilibrium [86]. Here, the adsorption was conducted from 5 min to 120 min to understand the
effect of contact time. Every 5 min during the adsorption process, samples are taken to obtain

removal percentages. The effects of contact on the adsorption performance of the two
adsorbents are shown in Figure 15a,b.
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Figure 15. Effect of contact time on MB (a) and BR9 (b) removal by rice husks of different origins (pH: 10 for
MB, 7 for BR9; concentration value: 2 g/L; initial concentration of dyes: 30 mg/; temperature (T°): 25 °C)

The adsorption process consists of three phases: initial, intermediate, and equilibrium [172],
[173]. The adsorption process starts in the initial phase, which is fast and has high removal
rates. The MB and BR9 removal percentages of HRH within 5 min are 89% and 73%,
respectively, whereas those of IRH are 90% and 71%, respectively. In the intermediate phase,
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the removal rate gradually slows down. The removal rate becomes constant (equilibrium phase)
within 120 min, at which the MB and BR9 removal rates of HRH (IRH) are 96% (96%) and
87% (82%), respectively. HRH generally exhibits a higher removal percentage than IRH.

5.2.5 Effect of temperature

The physicochemical reactions in the adsorption process are influenced by temperature. An
increase in temperature typically increases the dye molecule’s mobility from a solution to an
adsorbent surface [174]. The effect of temperature (25 °C, 35 °C, and 45 °C) was examined, as
shown in Figure 16a,b. The MB removal percentages of IRH at 25 °C, 35 °C, and 45 °C are
96%, 96%, and 96%, respectively, whereas those of HRH at 25 °C, 35 °C, and 45 °C are 96%,
96%, and 97%, respectively. MB adsorption is independent of temperature. In particular, this

parameter is not always beneficial to the process and thus can be neglected in some cases [175].
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Figure 16. Effect of temperature on MB (a) and BR9 (b) removal by rice husks of different origins (pH: 10 for
MB, 7 for BR9; concentration value: 2 g/L; initial concentration of dyes: 30 mg/L; time (t): 120 min)
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BR9 removal using IRH and HRH gave similar results. The removal percentages of IRH at 25
°C, 35°C, and 45 °C are 82%, 85%, and 87%, respectively, and those of HRH at 25 °C, 35 °C,
and 45 °C are 87%, 89%, and 90%, respectively. The same results were obtained by Zhao et
al. [176]. However, the effect of temperature is not highly significant in this study; the
associated differences in removal percentage are relatively small. The effect of temperature is
strongly dependent on the adsorbent surface nature (energetically homogeneous or

heterogeneous) for adsorption from aqueous solutions [177].
5.2.6 Adsorption isotherm modelling in single solution

The adsorption isotherm describes the relationship between the amount of adsorbate adsorbed
by the adsorbent (ge) and the equilibrium concentration of adsorbate (ce) at a constant
temperature. The parameters obtained from adsorption equilibrium models provide helpful
information about surface properties, adsorption mechanisms, and the adsorbent—adsorbate
relationship [172].

The capacities of IRH and HRH to adsorb MB and BR9 were investigated via batch adsorption
experiments at different initial dye concentrations and constant adsorbent doses at a given
temperature. The adsorption equilibrium data for MB and BR9 were studied using the Harkins—
Jura and Brunauer—Emmett-Teller (BET) multilayer isotherm models. The experimental data
and isotherm models are compared in Figure 17a—d.

In this experiment, the isotherm shape can be described as a C-type isotherm. A C-type
(constant partition) isotherm is a partition of solutes that takes place between the aqueous phase
and the interfacial layer of a solid [178]. Therefore, the BET multilayer model is more
appropriate for the adsorption isotherm in this study. MB and BR9 aggregated in the adsorption
experiment; the self-association of these dyes in aqueous solutions has been reported in the
literature [179]. Organic dyes in aqueous solutions frequently self-aggregate into dimers,

trimers, and higher-order aggregates based on concentration [180].

Fujita et al. [181] found that MB exists as dimers in an aqueous solution or as aggregates on
the surface. A monomer—dimer can exist in the concentration range of 10°-10° M [182].
According to Ferndndez-Pérez et al. [183] and Fernandez-Pérez and Marban [184], the
aggregation of MB molecules in a solution forms dimers at concentrations below 3.4 x 107> M,
monomers at a concentration of 1.1 x 10° M, and tetramers at a concentration of 3.5 x 1073
M. The monomer—dimer equilibrium for MB has been investigated at concentrations of 2 x
107%-5 x 107> M [185]. Pathrose et al. [186] found that BR9 can form dimers and aggregates
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at concentrations of 1072-10~> M. According to Figure 17a—d, MB concentrations of 2.8 x 107
M (~9 mg/L) and BR9 concentrations of 4.1 x 107> (~12 mg/L) tend to increase to infinity,

since the aggregation is perceptible in the aqueous solution and on the surface.
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Figure 17. Experimental data and BET model fitting for (a) MB adsorbed using Indonesian rice husk, (b) MB
adsorbed using Hungarian rice husk, (c) BR9 adsorbed using Indonesian rice husk, and (d) BR9 adsorbed using

Hungarian rice husk

Table 10 shows the isotherm parameters of the Harkins—Jura and the BET multilayer models
obtained via nonlinear fitting. Based on the correlation coefficient (R2) and the nonlinear chi-
square (%) (Table 10), the BET multilayer adsorption isotherm fits the experimental adsorption
data better. Equation (8) presents the Harkins—Jura Equation form for determining the isotherm

parameter [187]:

Y
e = (ﬁ) 2 ®)
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Ce is the equilibrium concentration of adsorbate, A is the Harkins—Jura isotherm parameter,
and B is the Harkins—Jura isotherm constant. The Harkins—Jura adsorption isotherm describes

heterogeneous pore distribution and multilayer adsorption [188].

Table 11. Isotherm parameters for MB and BR9 adsorption

IRH HRH

Isotherm Model Parameter MB BRO MB BRO
A 26.38 10.32 39.37 12.85

Harkins_Jura B 1.20 1.18 1.30 1.18
R? 0.960 0.974 0.970 0.963

¥ 0.28 0.18 0.20 0.25

Qm (Mg/g) 15.02 7.27 24.50 8.32

KL 0.08 0.07 0.07 0.07
BET Ks 4,78 983.02 1.10 114.40

R? 0.979 0.995 0.981 0.989

¥? 0.14 0.04 0.13 0.08

The BET multilayer isotherm is a theoretical model commonly used in gas—solid equilibrium
systems [101], [189]. However, the classical BET Equation can be modified for liquid phase
adsorption and has three degrees of freedom (Qm, Ks, and Ki) [190]. The BET Equation for
liquid phase adsorption [190] is expressed using Equation (9):

_ Q KSCe
e = "m 1T ZK.C)(A — Ki.Ce + KsCo)

©)

Qm is the amount adsorbed during complete monolayer adsorption, Ks is the equilibrium
constant of adsorption of the first layer, and Kv is the equilibrium constant of adsorption of the

upper layers of the adsorbate on the adsorbent.

In the BET multilayer isotherm model, the maximum adsorption capacity can reach infinity
[190] The isotherm modeling in this study is similar to that of Vargas et al. [191], who used
sisal fibers (Agave sisalana) for MB removal, and that of Cortes et al. [192], who used fish

scales for BR9 removal.

A comparison of the adsorption capacities of IRH and HRH for MB removal is given in Table
11. In the literature, the highest adsorption capacity for MB removal is 1346.7 mg/g [132],
while the lowest is 1.6 mg/g [193]. Particle size has a vital role in adsorption capacity, and a

varying adsorbent particle size correlates directly with particle diffusion into pores [194].
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Table 12. Comparison of the adsorption capacity of raw RH for MB removal

No Origins | Adsorption Capacity (mg/g) Particle Size pH References
1 India 1347.7 400-841 pm 7 [132]
2 China 19.7 0.425-0.850 mm 7 [139]
3 Malaysia 1.6 NA 5.8 [193]
4 Iran 24.7 <250 um 10 [195]
5 Brazil 52.2 5 mm 11 [196]
6 Thailand 21.9 <400 pm 5.7-6.2 [67]
7 Nigeria 135 NA 10 [165]
8 Korea 25.4 0.075-1.16 mm 7 [133]
9 Indonesia 15.0 <250 ym 10 This study
10 Hungary 24.5 <250 pym 10 This study

The chemical composition of RH, which includes lignin and silica, can affect the adsorption
capacity of RH. The chemical composition of an adsorbent can affect the bonding strength
between the adsorbate and the functional groups on the adsorbent surface [133]. The use of
chemical fertilizers and the composition of soil chemistry in a paddy field can vary the chemical
composition of RH [197]. Therefore, the wide range of RH chemical compositions reveals their
dependence on, among others, RH origin, farm climate, and crop technology. Based on studies
of MB adsorption using RHs of different origins, RH origin is a factor that influences MB

adsorption capacities.

In our study, the adsorption capacities of IRH and HRH for MB removal are 15.0 mg/g and
24.5 mg/g, respectively. According to the results, HRH has a higher adsorption capacity
because it contains less ash. However, IRH and HRH have better adsorption capacities
compared with other RHs. As a bioadsorbent, RH can also be used for wastewater treatment
because it is abundant and environmentally friendly. Other advantages, such as simplicity and

low costs, can be achieved using raw RH.

The adsorption capacities of various adsorbents for BR9 removal have been investigated and
compared (Table 12). The highest adsorption capacity for BR9 removal was reported by Kong
et al. [198], while the lowest was obtained by Zhao et al. [56]. In the current study, the IRH
and HRH adsorption capacities for BR9 removal are 7.2 mg/g and 8.3 mg/g, respectively. HRH

has a higher adsorption capacity for BR9 removal than IRH.
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Table 13. Comparison of adsorption capacities of various adsorbents for BR9 removal

No Adsorbent Adsorption Capacity Par_t|cle pH References
(mg/g) Size
1 Fish Bones 14.8 50-200 pm 7 [199]
Activated Gossypium
2 Hirsutum Seeds 67.1 NA 8 [70]
3 Leather Activated Carbon 139.3 103}%49 8 [198]
4 Malted Sorghum Mash 58.5 2mm 4-9 [200]
5 Triptycene-Based Porous 586.2 NA 29 [201]
Polymer
6 Multi-Walled Carbon 555 NA 8 [202]
Nanotubes
7 Pistachio Nut Shells 118.2 1mm 12 [203]
8 Alkali-Activated Diatomite 9.8 NA 9 [176]
9 Eggshell Membrane 48.0 25?1;?50 6 [204]
10 Astragalus Root 20.2 125 um 10 [205]
11 Indonesian Rice Husk 7.2 <250 pym 7 This study
12 Hungarian Rice Husk 8.3 <250 pym 7 This study

Many agricultural and waste materials have been utilized as adsorbents to remove BR;
however, to the best of our knowledge, raw RH has not been used. From environmental and
economic points of view, RH can be utilized as an alternative adsorbent to elucidate BR9
adsorption.

5.2.7 Adsorption kinetic modelling in single solution

A kinetic model can describe adsorption processes and possible rate-controlling steps such as
mass transport and chemical reaction processes [105]. Two kinetic Equations, namely, pseudo-
first-order (PFO) [206] and pseudo-second order (PSO) [207], were used to investigate the MB
and BR9 adsorption kinetics. Their nonlinear forms are expressed as Equations (10) and (11):

qe = g (1 —e7kat) (10)
2k, t
Qo= o (1)
1+ k,qet

where e and q: represent the adsorption capacities (mg/g) of the adsorbent at equilibrium and
at time t (min), respectively. ki is the first-order rate constant and k2 is the second-order rate

constant.

The PFO kinetic model describes the adsorption process as controlled by the diffusion step; it
follows a physical adsorption mechanism (physisorption kinetics). By contrast, the PSO kinetic
model describes the adsorption rate as affected by the chemical interaction between the

adsorbate and the adsorbent; it follows a chemical adsorption mechanism (chemisorption
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kinetics) [208], [209]. The kinetic parameters for MB and BR9 adsorption are shown in Table
13.

Table 14. Kinetic parameters for MB and BR9 adsorption

. IRH HRH
Kinetic Model Parameter NB BRY NB BRY
ge (Mg/g) 14.19 11.83 14.20 12.38
Pseudo-first order ki 0.61 0.43 0.54 0.41
R? 0.637 0.474 0.666 0.736
v 0.001 0.01 0.003 0.01
ge (mg/g) 14.32 12.13 14.38 12.71
Pseudo-second ka2 0.23 0.1 0.16 0.08
order R? 0.945 0.825 0.956 0.921
a 0.0002 0.005 0.0004 0.004

Based on the correlation coefficient (R?) and the nonlinear chi-square (x?) result in Table 13,
all the experimental data fit the PSO kinetic model better than the PFO kinetic model. Thus,
chemisorption controls the MB and BR9 adsorption processes, where functional groups play a
central role [210], [211]. Chemisorption occurs through the sharing or exchange of electrons
between the negatively charged RH functional groups, as evidenced by the zeta potential
measurement, and the positively charged cationic dyes [212]. The initial concentration selected
during the adsorption Kinetic process affects the kinetic model. A relatively high initial
concentration tends to be relatively stable during the adsorption process and better fits a PFO
kinetic model. Conversely, a PSO kinetic model fits better when the initial concentration is

relatively low and changes significantly during the adsorption process [213].

In addition, the PSO kinetic rate k2 for MB adsorption (0.16-0.23 g/mg/h) is higher than the
PSO kinetic rate k2 for BR9 adsorption (0.08-0.1 g/mg/h). This result suggests the formation
of covalent bonds between the MB molecules and the RH surface [214]. The experimental data
and calculated (PSO kinetic model) adsorption kinetics are represented by plotting time (min)
against ge (mg/g) in Figure 18a—d. The experimental ge data closely match the calculated ge
data from the PSO kinetic model.
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Figure 18. Experimental data and PSO model fitting for (a) MB adsorbed using Indonesian rice husk, (b) MB
adsorbed using Hungarian rice husk, (c) BR9 adsorbed using Indonesian rice husk, and (d) BR9 adsorbed using
Hungarian rice husk

5.3 Binary adsorption of cationic dyes using RH from aqueous solution

5.3.1

The effect of pH was studied to determine the optimal pH for removing MB and BR9. The
removal percentages of these dyes by HRH and IRH increase with the increase of pH from 3
to 7 (Figure 19a,b). Generally, removal percentages for adsorption of cationic dyes will
increase at high pH values (basic condition) and decrease at low pH values (acidic condition)
[215]. At lower pH values the removal percentages are lower due to more H* ions in the
solution. The H* ions compete for the adsorbent sites with cationic dyes during the adsorption

process [216]. Meanwhile, under basic conditions, the adsorbent is more negatively charged.

Effect of pH

Hence, the electrostatic interaction between the positively charged of cationic dye molecules

and the negatively charged of RH adsorbent increases the removal percentage [217].
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Figure 19. Effect of pH on MB and BR9 removals by HRH (a) and IRH (b) using the following parameters: 500

mg of RH, 30 mg/L initial concentration, 60 min adsorption time, and 25 °C temperature

5.3.2 Effect of adsorbent dose

The effect of the adsorbent dose was also examined (Figure 20a,b). At the highest adsorbent
dose (500 mg), MB and BR9 removal percentages by HRH were as high as 91.7% and 88.8%,
respectively. For IRH, these values were 83.8% and 78.2%, respectively. However, the
adsorption capacities for MB and BR9 by HRH decreased from 22.4 to 13.8 mg/g and from
20.3 to 13.3 mg/g, respectively. Meanwhile, using IRH, the adsorption capacities were
decreased from 20.2 to 12.6 mg/g for MB and from 16.8 to 11.7 mg/g for BR9. The increasing
RH dose increases the removal percentage and decreases the adsorption capacities due to more
available unoccupied adsorbent sites on the RH surface [218]. Based on these results, 500 mg

of RH was selected as the very good adsorbent dose and used in a subsequent experiments.
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5.3.3 Effect of contact time

Adsorption varies with the contact time, and contact time is vital to dye removal efficiency
(Figure 21a,b). Increasing the contact time from 0 to 60 min increases the MB and BR9 removal
from binary dyes solution due to increased interaction probability of MB and BR9 dyes with
the surface of RH bioadsorbent [219]. Removal of MB and BR9 on HRH or IRH was initially
rapid because of the more available adsorption sites [28]. Removal within 5 min using HRH
was 76.7% for MB and 69.7% for BR9. In the same timeframe, removal by IRH was 71.9%
for MB and 63.5% for BR9. After the initial removal, as active sites were increasingly occupied
adsorption gradually slowed and stabilized [220]. Adsorption equilibrium was reached within

60 min. Moreover, removal rates by HRH were found to be 91.7% for MB and 88.8% for BR9

and 83.8% for MB, and 78.2% for BR9 by IRH.
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5.3.4 Effect of initial dye concentration

The impact of various initial concentrations of dye (30, 60, 90, and 120 mg/L) was assessed to
explore adsorption capacity (Figure 22a,b). Adsorption at equilibrium increased with
increasing initial concentration of dye. The adsorption capacities of HRH for 120 mg/L MB
and BR9 were 50.7 and 48.5 mg/g, respectively, and 50.1 and 47.4 mg/g for IRH, respectively.
At lower initial dye concentrations, fewer dye molecules were adsorbed, as expected [221].
Increasing MB and BR9 concentration led to lower active sites of the bioadsorbent owing to
the high adsorption rate of MB and BR9 at the beginning of the adsorption process [149].
Additionally, increasing the initial dye concentrations increased mass transfer during

adsorption; therefore, higher equilibrium values were obtained, thereby reducing the removal

percentage of dyes [149], [222].
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Figure 22. Effect of initial dye concentration on MB and BR9 removals by HRH (a) and IRH (b) using the

following parameters: 500 mg of RH, pH 7, 60 min adsorption time, and 25 °C temperature
5.3.5 Adsorption modelling

Adsorption isotherm and kinetic of MB and BR9 were constructed to identify the binary
adsorption mechanisms. Langmuir and Brunauer—Emmett—Teller (BET) multilayer isotherm
models were evaluated using varying initial dye concentrations, amounts of RH, and
temperature. The BET multilayer model could be fitted to the experimental data (Figure 23a—
d).

lonic dyes tend to undergo self-association (aggregation) in aqueous solutions. lonic dyes can
form dimers, trimers, and micelles during adsorption. Several factors can influence this
condition, including pH, concentration, temperature, etc. [223]. In a previous research, MB
formed aggregates below 3.4 x 107> M [184], while BR9 was liable to form aggregations and
dimers between concentrations of 102 and 10> M [186]. The result show that MB and BR9
tend to form dimers and aggregates in aqueous solution at concentrations of 6.2 x 107> M (~
20 mg/L) (Figure 23a,b) and 8.7 x 107> M (~ 25 mg/L) (Figure 23c,d), respectively.
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The Langmuir isotherm describes the adsorption process at homogeneous adsorbent sites [224].
The Langmuir model Equation [139] is calculated as Equation (12):

_ QmKLCe

= 12
1+K,C, (12)

de

where Ce is the concentration at equilibrium, ge is the adsorbate amount on the adsorbent, Qm
is the amount required for monolayer adsorption, and Kv is the Langmuir isotherm constant
related to the energy of adsorption. The extended Langmuir model [225] was used to evaluate
binary adsorption as follows:

_ KLiQmiCei
Gei

= 13
1+ Y KpCy (13)

Based on Equation 13, the individual equilibrium capacity for the binary adsorption of MB and
BR9 is calculated as Equations (14) and (15):

_ K1.1Qm1Ce1
Qer = 1+K11Ce1+K2Ce2 (14)
Ky, QunzC
qez 2Xm2™~e2 (15)

1+ Kp1Cep + Ki2Cer

where ge1 and ge2 are the amounts of solutes (MB and BR9) adsorbed by the adsorbent (mg/g);
Ce1 and Ce2 are adsorbate concentrations at equilibrium (mg/L); Qmi and Qm2 represent the
maximum adsorption capacities (mg/g); and Kr1 and K2 are the Langmuir constants (L/mg).
The BET isotherm model characterizes multilayer adsorption and is derived from the
generalized Langmuir model [226]. The liquid phase adsorption of BET multilayer isotherm
Equation [190] is given as Equation (9).

The BET multilayer isotherm model best fit experimental results based on correlation
coefficients (R?) and nonlinear chi-square () (Table 14). This model shows that the adsorption
of MB and BR9 formed more than one layer of adsorbate on RH surfaces [191]. The difference
in the Qm value in Table 14 is because the Langmuir isotherm model supposes the adsorption
process occurred only on a monolayer. Therefore, the Qm calculated in the BET model is less

than the Qm calculated in the Langmuir model [227].
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Figure 23. Comparison of experimental data and BET multilayer isotherm models for (a) MB using HRH, (b)
MB using IRH, (c) BR9 using HRH, and (d) BR9 using IRH

Table 15. Nonlinear isotherm parameters for MB and BR9 during binary adsorption

Model Parameter Indonesian Rice Husk Hungarian Rice Husk
MB BR9 MB BR9

Qm (mg/g) (105 9.8 9.6 6.1 9.9

Extended KL (109 2.2 1.7 3.9 1.8
Langmuir R? 0.834 0.844 0.764 0.744
e 1.07 0.97 1.52 1.59

Qm (mg/g) 9.3 9.6 10.4 10

KL 0.04 0.03 0.04 0.03

BET Ks 1.3E+04 2.5 2E+06 1.5E+07

R? 0.991 0.997 0.987 0.987

2 0.06 0.02 0.08 0.08

The Langmuir model uses the same value for monolayer and maximum adsorption capacities.
However, the monolayer and maximum adsorption capacities are different for the BET
multilayer model. The maximum adsorption capacity for the BET multilayer model can be
infinite [190]. This can be proven by comparing the Qm values between the Langmuir and BET

multilayer isotherm. Based on these results, the Qm calculated by the BET multilayer model
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agrees with the ge experimental after reaching equilibrium, which were 12.6-13.8 mg/g for MB
and 11.7-13.3 mg/g for BR9 (Table 16).

Ks was higher than K., which showed that the affinity of the first layer between the RH surface
and dyes is greater than in the second layer [228]. Similar results were obtained by the BET
model for the removal of dyes using different bioadsorbents, such as sugarcane bagasse [223],
soybean hull [229], and banana pseudostem [230].

Table 15 compares the adsorption capacities of HRH and IRH for cationic dyes in binary dye
solutions from various adsorbents. The result shows that the raw material of HRH and IRH
provides good adsorption capacities. Utilization of HRH and IRH without chemical/physical
modification can reduce energy and chemical consumption during bioadsorbent preparation.
In addition, rice husk as a low-cost bioadsorbent is abundantly available in large quantities, has
eco-friendly components, and is excellent in the regeneration—reusability for removing dyes
[231]. Therefore, HRH and IRH become promising alternative bioadsorbent compared to other
adsorbent materials and have the potential for cationic dyes removal from binary dye solutions.

Table 16. Comparison of the adsorption capacity for cationic dyes in binary dye solutions using various

adsorbents
No Adsorbent Adsorbate Ads_,orptlon Part icle PH Reference
capacity (mg/g) Size
Medlar nut activated Basic yellow 28 37
! carbon Methylene blue 135.2 NA 12 [232]
Ziziphus mauritiana Basic blue 41 190.8
2 nut activated carbon Basic yellow 28 133.1 NA 12 [233]
3 Cellulose-based Methylene blue 795.1 0.2 mm NA 28
modified citrus peels Crystal violet 884.1 [28]
4 Cotton—graphene Methylene blue 35.7 NA 7 [234]
oxide composite Crystal violet 19.2
Functionalized Methylene blue 100.2 NA NA
5 microcrystalline [25]
cellulose Neutral red 76.7
Bombax Basic blue 41 75.1
6 buonopozense bark Safranin 80.6 NA 8.5 [235]
L Methylene blue 10.4 <250 um 7 .
7 Hungarian rice husk Basic red 9 10 This study
L Methylene blue 9.3 <250 um 7 .
8 Indonesian rice husk Basic red 9 96 This study

To describe the binary adsorption mechanism, we used three kinetic models, such as the
pseudo-first-order [206] (Equation 10), pseudo-second-order kinetics [207] (Equation 11), and
the Elovich Equation [236] (Equation 16):
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q: = %ln(l + afit) (16)

where Qe is the adsorbate amount on the adsorbent (mg/g) at equilibrium; gt represents the
adsorbate amount on the adsorbent (mg/g) at time t (min); k1 is the constant of first-order
(L/min); k2 is the constant of second-order (g/mg/min); o represent the Elovich Equation

constant (mg/g/min); and £ (mg/g) is the constant of desorption.

The pseudo-first-order (PFO) and pseudo-second-order (PSO) models were applied to
understand the adsorption kinetic behavior. PFO and PSO are commonly used to define
adsorption mechanisms in physical adsorption (physisorption) and chemical adsorption
(chemisorption) processes, respectively [237]. PFO and PSO models did not result in the best
coefficient correlations and nonlinear chi-squares (y?) (Table 16). Besides, the calculated ge
value obtained from both models was lower than the experimental ge value.

The Elovich model describes the adsorption process that occurs quickly at the initial stage,
which then decreases over time due to the activation energy changes on the adsorbent surface
[238]. This Equation describes an adsorption mechanism for a heterogeneous adsorbent [236],
[239], [240]. The o value for MB was higher than for BR9, indicating faster initial adsorption
[241]. According to correlation coefficients (R?) and nonlinear chi-square (%) for nonlinear
kinetic models for binary adsorption indicated the Elovich Equation as the best fit (Table 16
and Figure 24a—d). Based on this result, chemisorption took place during adsorption. Other
researchers also applied the Elovich Equation to analyze the adsorption kinetics of MB [238]
and BRO [68].

Table 17. Nonlinear kinetic parameters for MB and BR9 during binary adsorption

Model Parameter Indonesian Rice Husk Hungarian Rice Husk
MB BR9 MB BR9
Experimental ge (mg/g) 12.6 11.7 13.8 13.3
ge (Mg/g) 12.1 11.1 12.9 12.1
Pseudo-first-order k1 0.4 0.3 0.4 0.4
R? 0.545 0.844 0.574 0.788
¥2(10°2) 1.2 2.1 1.1 2.3
g. (mg/g) 12.5 11.8 13.4 12.8
Pseudo;jsecond- k, (10°2) 84 6 8 6.1
order R? 0.883 0.955 0.868 0.915
¥2(10°3) 3 6.2 3.6 9.1
o 2.6E+07 1.4E+05 2.7E+07 4,.3E+05
Elovich Equation B L7 14 16 L4
R? 0.931 0.967 0.913 0.943
¥2(10°3) 1.7 46 2.3 6.2
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Figure 24. Comparison of experimental data and Elovich Equation model for (a) MB using HRH, (b) MB using

IRH, (c) BR9 using HRH, and (d) BR9 using IRH

PFO and PSO models cannot describe the diffusion mechanism on the binary adsorption of
MB and BR9. Therefore, the intra-particle model was applied to determine the rate-limiting of

dye adsorption onto RH adsorbent. The intra-particle diffusion model [242] is calculated as

Equation (17):

G = kigVt+C

Here, kid is the constant of intra-particle diffusion (mg/g/min), and C is a constant describing
the boundary layer thickness. The linearized intra-particle diffusion kinetic model was applied
to plot gt vs t¥2; the fitted (straight) line did not fit the experimental (Figure 25a,b). This result
indicated a rate-limiting step of adsorption, which did not the occur only by intra-particle

(17)

diffusion [243]. Hence, the adsorption of MB and BR9 occurred in three different steps.
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Figure 25. Intra-particle diffusion model for (a) HRH, and (b) IRH

Firstly, the solution transfers MB and BR9 to the surface of the rice husk adsorbent. Secondly,
intra-particle diffusion takes place as the dyes reach the pores of the rice husk adsorbent. The
strength of adsorption for monolayer and multilayer are different in this stage. Adsorption
strength was higher for monolayer adsorption because the adsorbate easily adsorbs on the
surface of the rice husk [244]. This condition can be confirmed based on the BET isotherm
model, which yielded the higher value for the first layer constant (Ks) compared to those for
the upper layers of adsorbates on the adsorbent (Kir). The last step is the equilibrium stage
[245]. The C value was not equal to zero (C value range of 8.7-11 mg/g in Table 17), which
implies that mass transfer and intra-particle diffusion contributed the most during the removal
of MB and BR9 in binary adsorption [242], [246]

Table 18. Intraparticle diffusion parameters for Methylene Blue and Basic Red 9 during binary adsorption

Model Parameter Indonesian Rice Husk Hungarian Rice Husk
MB BR9 MB BR9

Intra-particle Kid 0.3 0.4 0.3 10.4
diffusion C 10.2 8.7 11 9.6
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The mechanism of adsorption can be explained by considering the structure of the adsorbates
and the surface characteristics of the adsorbents. Both MB and BR9 are cationic dyes and
dissociate into MB* + CI~ ions and BR9" + CI™ ions in aqueous solutions. Besides, rice husk is
a lignocellulose comprising cellulose, hemicellulose, lignin, silica, and other minor
components [247]. These components form many functional groups on the rice husk surface,
and it becomes effective bioadsorbent due to their availability and low cost for application in
wastewater treatment. Cellulose has many polar O and H atoms that play important roles in
intramolecular and intermolecular hydrogen bonding [248]. Therefore, the possible
interactions between rice husk adsorbents (cellulose unit) and dyes in binary adsorption are

hydrogen bonding, electrostatic, and n—x stacking, as shown in Figure 26.

Hydrogen bonding interactions occur between the surface O—H groups of rice husk and —
(N(CHsa)2) groups of dyes [249]. Functional groups such as phenolic and carboxyl groups have
a strong negative charge evident from zeta potential analysis and can interact with MB and
BR9 by electrostatic interactions [243], [246]. Further, the benzene ring in MB and BR9
possibly forms a m—m stacking interaction during binary adsorption. Besides, due to binary
adsorption, the competitive adsorption of the dyes can take place. Thus, an adsorbent site on

the surface of the rice husk could be partially overlapped with MB and BR9 [25].

OH i
Rice husk surface

----------- Hydrogen bonding interaction =~ = = Electrostatic interaction - ===~ T—Tt stacking interaction

Figure 26. The possible interactions between the rice husk adsorbent (cellulose unit) and dyes in binary

adsorption
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5.3.6 Factorial design analysis

Factorial design analysis was used to evaluate factors for MB and BR9 removal in binary
adsorption. The factorial design allows significant factors to be retained and insignificant
factors to be neglected. This property reduces the number of experiments required. However,
applying such an approach results in higher removal percentages [250]. Influences on the
adsorption of MB and BR9 onto HRH and IRH were evaluated considering main effects, Pareto

charts, normal probability plots, and interaction effects (Table 18).

Further, cube plots are provided to illustrate interactions of each factor (Figure 27a,b). These
plots show that increasing pH from 3 to 7 and adsorbent from 250 to 500 mg enhances removal
significantly for both dyes. In addition, HRH was the more efficient absorbent. The highest
removal was 91.7% for MB and 88.8% for BR9 at pH 7 using 500 mg of HRH.

Table 19. Matrix and results of the 23 full factorial design

Run number Codes value of variables Removal (%) Standard deviation
Adsorbent Type| pH Dose MB BR9 MB BR9
1 -1 -1 -1 47.1 39.4 0.3 0.6
2 1 -1 -1 48.0 40.6 0.3 0.6
3 -1 1 -1 67.4 56.1 0.5 0.9
4 1 1 -1 74.7 67.5 0.2 0.7
5 -1 -1 1 48.5 40.9 0.6 0.8
6 1 -1 1 51.5 44.6 0.3 0.2
7 -1 1 1 83.8 78.2 0.9 1.6
8 1 1 1 91.7 88.8 0.8 1.7
(@) Cube Plot (data means) for %MB ®) Cube Plot (data means) for %BR9
&a75s1] \ﬁ‘ ;.-1;?@1, B
|
[7a132] [Fzgon1] n] | [ez53a]
L] - | -
|
|
|
W s .

Figure 27. Cube plots of dye removals for (a) MB (%) and (b) BR9 (%) in binary adsorption

The main effect, interaction effect, coefficients, standard deviations, regression coefficients, T,
and probability (P) values are provided in Table 19. The main factors (adsorbent type, pH,
dose) for both dyes were significant (p < 0.05). At the same time, all two-way interactions for
MB and BR9 in binary adsorption were significant, excluding two-way interactions (adsorbent

type*dose) for BR9. However, three-way interactions for MB and BR9 were not significant.
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When a factor effect is positive, removal efficiency increases at high levels; when negative,
removal efficiency decreases from low to high levels [251]. Further, the model exhibited an
adjusted R? of 99.89% for MB and 99.71% for BR9, which satisfied the statistical model.

Table 20. Estimated effects and coefficients for MB and BR9 during binary adsorption

Term Effect Coefficient |SE Coefficientt T-Value P-Value VIF
MB dye
Constant 64.1 0.1 560.7 0
Adsorbent Type 4.8 2.4 0.1 21.0 0 1
pH 30.6 15.3 0.1 133.9 0 1
Dose 9.5 4.8 0.1 41.8 0 1
Adsorbent 238 14 0.1 123 0 1
Type*pH
Adsorbent 0.7 0.4 0.1 3.1 1
Type*Dose
pH*Dose 7.1 3.6 0.1 31.3 0 1
Adsorbent
Type*pH*Dose -0.4 -0.2 0.1 -1.6 0.1 1
S 0.56
R? 99.92%
Adjusted R? 99.89%
Predicted R? 99.83%
BR9 dye
Constant 57.0 0.2 281.3 0
Adsorbent Type 6.7 3.4 0.2 16.5 0 1
pH 31.3 15.6 0.2 77.1 0 1
Dose 12.2 6.1 0.2 30.1 0 1
Adsorbent 43 21 0.2 106 0 1
Type*pH
Adsorbent
Type*Dose 0.4 0.2 0.2 1.0 0.3 1
pH*Dose 9.5 4.7 0.2 23.3 0 1
Adsorbent
Type*pH*Dose -0.8 -0.4 0.2 -2.1 0.1 1
S 0.99
R? 99.80%
Adjusted R? 99.71%
Predicted R? 99.54%

Dye removal efficiencies (%) are calculated after discarding adsorbent type*pH*dose (A*B*C)
interactions for both dyes and neglecting adsorbent type*dose (A*C) interactions for BR9 as

follows:
MB removal = 38.28 - 2.182 A + 2.297B — 0.03324 C
+ 0.7052A=*B + 0.002824 A+« C+ 0.014287 B« C (18)

BR9 removal = 35.03- 1.995A + 0.733B — 0.04561C

(19)
+ 1.070 A% B + 0.018900 B * C
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Equations (18) and (19) describe how experimental variables and their interactions influence
dye adsorption. Positive values indicate that dye removal increases when the effect increases
and vice-versa [252]. Therefore, as adsorbent type (A) increased from low to high, percentage
removal decreased to 2.182% for MB and to 1.995% for BR9. Also, as pH (B) increased from
low to high, MB and BR9 removal increased to 2.297% and 0.733%, respectively. Finally, as
adsorbent dose (C) was increased from low to high, percentages decreased by 0.03324% for
MB and by 0.04561% for BR9.

Table 21. Analysis of variance for MB and BR9 during binary adsorption

Source DF Adjusted SS Adjusted MS F-Value P-Value
MB dye
Model 7 6667.7 952.5 3037.9 0
Linear 3 6310.1 2103.4 6708.3 0
Adsorbent Type 1 138.6 138.6 442.1 0
pH 1 5624.5 5624.5 17938.3 0
Dose 1 547.0 547.0 1744.5 0
2-Way 3 356.9 119.0 379.4 0
Interactions
Adsorbent 1 478 478 152.3 0
Type*pH
Adsorbent 1 3.0 3.0 95 0.01
Type*Dose
pH*Dose 1 306.2 306.2 976.4 0
3-Way 1 0.8 0.8 2.4 0.1
Interactions
Adsorbent
Type*pH*Dose 1 0.8 0.8 2.4 0.1
Error 16 5.0 0.3
Total 23 6672.8
BRI dye
Model 7 7688.1 1098.3 1113.3 0
Linear 3 7037.2 2345.7 2377.7 0
Adsorbent Type 1 270.0 270.0 273.6 0
pH 1 5871.0 5871.0 5951.1 0
Dose 1 896.2 896.2 908.4 0
2-Way 3 646.7 2156 2185 0
Interactions
Adsorbent
Type*pH 1 109.9 109.9 1114 0
Adsorbent
Type*Dose 1 1.1 1.1 1.1 0.3
pH*Dose 1 535.8 535.8 543.1 0
3-Way 1 4.2 42 4.3 0.1
Interactions
Adsorbent
Type*pH*Dose 1 4.2 4.2 4.3 0.1
Error 16 15.8 1.0
Total 23 7703.9
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Interaction effects can be evaluated by the analysis of variance (ANOVA). ANOVA separates
variation into its components (Table 20). ANOVA provides the sum of squares to evaluate the
contributions of different factors. F ratios compare respective mean—-square—effects to mean—
square—error, and p values provide the lowest significance level that leads to the null hypothesis
refusal [253]. Main factors (adsorbent type, pH, dose) and two-way interactions were highly
significant (p < 0.05) and corroborated with the model and experimental results at a 95%

confidence level [254]. Conversely, three-way interactions were insignificant (p > 0.05).

Main Effects Plot for %MB ) Main Effects Plot for %BR9
Fitted Means Fitted Means

(a)

Adsarbent Type pH Dose Adsorbent Type pH Dose

B804 »

-
Mean of %BR9

Figure 28. Main effect plots of dye removal for (a) MB (%) and (b) BR9 (%) during binary adsorption

Main effect plots reveal which factors exhibit the greatest impact on the response (i.e., removal
efficiency) (Figure 28a,b). Each factor level affects response differently. The impact on the
response is small when the slope is close to zero [255]. Thus, pH displayed the strongest

positive influence on removal efficiency, followed by adsorbent dose.

Pareto charts (Figure 29a,b) were explored to illustrate information obtained from normal plots
(Figure 30). Values to the right of the reference line (2.1 for %MB and 2.12 for %BR9) were
significant. The vertical line indicates the minimum effect degree for a 95% confidence level
[256]. Main factors (adsorbent type, pH, and dose) for both dyes and their interactions were
significant. However, three-way interactions and adsorbent type*dose in BR9 (Figure 29b)

were insignificant.

We considered normal plots to assess each factor and interaction (Figure 30a,b). Normal plots
are employed to discriminate real effects from chance results. Each factor is defined as a point
on the normal plots. A point located farthest from the line indicates the highest impact [253],
[255]. Normal plots could be divided into two areas: factors in the area above a standardized

impact of 50% demonstrate positive effects and vice versa [251].
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Figure 29. Pareto charts of dye removal for (a) MB (%) and (b) BR9 (%) during binary adsorption
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Figure 31. Interaction plots of dye removal for (a) MB (%) and (b) BR9 (%) during binary adsorption

Main factors (adsorbent type, pH, and dose) display positive values and are far from the red

line (Figure 30a,b). Interactions between main factors show a similar result. However,

interactions between adsorbent type*pH*dose for both dyes and adsorbent type*dose in BR9
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present negative and insignificant impacts. Normal probability plots are consistent with Pareto
charts (Figure 29).

Interaction plots for pH*dose, adsorbent type*dose, and adsorbent type*pH interactions were
also considered (Figure 31a,b). When plot lines are not parallel, interactions between control
factors are strong and vice versa [233]. Important interactions were observed between pH and
dose for MB and BRO. Further, the interaction of adsorbent type and pH is less crucial, and the

interaction between adsorbent type and dose can be characterized as minimal.

5.4 Adsorption of methylene blue using rice husk from model wastewater
5.4.1 Effect of pH

The pH of a solution is a crucial factor that affects adsorption efficiency, the surface properties
of the adsorbent, and the ionization and structure of the adsorbate [257]. Figure 32 displays the
percentages of MB removal at pH 4 to 12. HRH and IRH had a maximum MB removal of 92%
and 88%, respectively, at pH 12. The zeta potentials of HRH and IRH at pH 12 support this
result. These findings are consistent with the results of Sukmana et al. [258], which investigated
the removal of MB under alkaline conditions. Our findings indicate that MB removal increases

under alkali, but decreases under acidic conditions.

100
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Figure 32. Effect of pH on MB removal by rice husks of different origin (adsorbent dose: 600 mg, initial

concentration of dyes: 60 mg/L, temperature: 25 °C, time: 60 min)

This phenomenon occurs due to the deprotonation and protonation of the functional groups on
the surface of the RH and MB. With decreasing pH, the concentration of hydrogen ions (H* or
protons) in the solution rises, increasing the protonation of the functional groups on the RH

surface. The presence of hydrogen ions in the solution competed with MB in the adsorption
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process. Nevertheless, elevating the pH towards alkaline conditions decreases the
concentration of hydrogen ions near the surface. Therefore, an increase in the deprotonation of
functional groups located on the RH surface influences the charge density and increases the
Coulomb interaction between the positive charge of the dye molecules and the negative charge
of the adsorbent [166], [167], [259].

5.4.2 Effect of initial concentration

This study examined the impact of different initial dye concentrations (ranging from 60 to 300
mg/L) on the removal of MB using IRH and HRH, and the results are illustrated in Figure 33.
The findings indicate that a higher initial concentration of MB decreases the efficiency of its
removal. However, the adsorption of MB increases due to the increased driving force in the
adsorption process. Additionally, as the number of available active sites decreases, the surface
of the adsorbent becomes saturated. Thus, the mass transfer of dyes from the solutions to the
RH surface decreases, decreasing the degree of adsorption [117], [168], [169], [260], [261].
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Figure 33. Effect of initial concentration on MB removal by rice husks of different origins (pH: 12, adsorbent

dose: 600 mg, temperature: 25 °C, time: 60 min)

5.4.3 Effect of adsorbent dose

The impact of varying adsorbent doses (ranging from 200 to 1000 mg) on adsorption was
investigated, using 250 mL of MB-containing wastewater. The adsorbate—adsorbent
equilibrium is significantly influenced by the quantity of adsorbent used during adsorption
[262]. At a dose of 600 mg, the highest removal percentages for HRH and IRH were 92% and
88%, respectively. The effects of the doses of the two adsorbents are shown in Figure 34.

Increasing the quantity of adsorbent from 200 mg to 600 mg enhances the removal percentage.
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However, when the adsorbent dose was increased from 800 mg to 1000 mg, the removal
percentage decreased slightly due to the saturation of the surface by MB molecules. Therefore,
the number of unbound MB molecules in the solution was higher, even after applying a bigger
adsorbent dose [263]. Increasing the adsorbent dose results in higher MB removal percentages
due to the increased surface area and active sites [264], [265]. Consequently, this results in
more accessible active sites, favoring adsorption. Hence, an adsorbent dose of 600 mg was

selected as the optimal dose for subsequent investigations.
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Figure 34. Effect of adsorbent dose on MB removal by rice husks of different origins (pH: 12, initial

concentration of dyes: 60 mg/L, temperature: 25 °C, time: 60 min)

5.4.4 Effect of particle size

Adsorption capacity is significantly influenced by the size of adsorbent particles, and there is
a direct relationship between adsorbent particle size and the diffusion of adsorbates into pores
[194]. Hence, we investigated the influence of particle size (ranging from 0.25 to 2 mm) on the
adsorption process. Figure 35 demonstrates that the removal percentages of MB declined from
92% to 64% for HRH and from 88% to 61% for IRH as the particle sizes increased from 0.25
to 2 mm. With an increase in particle size, diffusion became restricted, resulting in inadequate
access of dye molecules to the internal surface of the adsorbent [266]. Simultaneously, as the
particle size reduced, the specific surface area of the particles increased. Consequently, the
adsorbent particles possessed a greater number of active sites available for MB molecules,

resulting in larger removal percentages [267], [268], [269].
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Figure 35. Effect of particle size on MB removal by rice husks of different origins (pH: 12, adsorbent dose: 600

mg, initial concentration of dyes: 60 mg/L, temperature: 25 °C, time: 60 min)

5.4.5 Effect of contact time and comparison with hydrochar

To understand the equilibrium time and reactions between the adsorbents and adsorbates, it is
crucial to investigate the effect of contact time on the adsorption process (Shrinath Bhat). For
this purpose, the adsorption process was carried out for 60 min and samples were collected
every 5 min. Figure 36a,b demonstrates the impact of contact time on the removal percentages
for both the raw and hydrochar adsorbents. Adsorption processes comprise an initial, an
intermediate, and an equilibrium phase [172], [173]. An adsorption process begins in the initial
phase, characterized by rapid kinetics and significant removal efficiency. HRH and HRH
hydrochar removal percentages were 88% and 93% within 5 min, respectively. Similarly, IRH

and IRH hydrochar removal percentages are 76% and 89%, respectively.

During the intermediate phase, as the contact time increases, both the number of adsorption
sites and the driving force of the concentration gradient reduce, decreasing the percentage and
rate of adsorption [270]. For our samples, after 60 min, the removal percentages stabilized,
reaching a constant value during the equilibrium phase. At this point, the MB removal
percentage for HRH, HRH hydrochar, IRH, and IRH hydrochar were 92%, 94%, 88%, and
92%, respectively. MB adsorption onto hydrochar surfaces is attributed to a combination of
interactions, including electrostatic attractions, n-n stacking, hydrogen bonding, and van der
Waals forces [271]. The removal percentage for hydrochar RH was slightly greater than that
for raw RH; however, the difference was insignificant. Consequently, raw RH is cheaper and

more effective for MB removal from wastewater than RH hydrochar.

77



100

90 ———F% ——8—¢—2% e *
80 r

- 70 95
E 60 =
ik «
° 85 ¥
= ag

20 80

10 0 20 40 60

0Oe
0 10 20 30 40 50 60 70
Time (min)
-Hungarian Rice Husk —e—HRH Hydrochar
100

% removal

10 0 20 40 60

0 10 20 30 40 50 60 70
Time (min)

—=—Indonesian Rice Husk —a—]RH Hydrochar

Figure 36. Effect of contact time on MB removal by (a) HRH and HRH hydrochar, (b) IRH and IRH hydrochar
(pH: 12, adsorbent dose: 600 mg, initial concentration of dyes: 60 mg/L, temperature: 25 °C)

5.4.6 Adsorption isotherm modelling in model wastewater

Adsorption isotherms quantify the correlation between the quantity of adsorbate absorbed by
the adsorbent (ge) and the equilibrium concentration of adsorbate (Ce) at constant temperature.
The adsorption capacity of RH for MB was examined by batch adsorption experiments.
Different initial concentrations and constant doses of RH were used at a room temperature. The
adsorption equilibrium of MB was investigated using multilayer isotherm models such as the

HJ, AD, and BET models. The experimental data and isotherm models were compared, as
shown in Figure 37a,b.

The isotherm model exhibited a sigmoidal form (S-shape) with a pronounced rise in the
adsorbed quantity beyond a particular dye concentration in the liquid phase. This phenomenon
can be attributed to dye aggregation at higher concentrations, resulting in several molecules
attaching to each adsorption site instead of a single molecule. Thus, the amount of dye adsorbed
increases after a specific initial dye concentration in the liquid phase [229]. This result strongly

supports the idea of multilayer adsorption due to self-aggregation, which is the primary

78



consideration in the BET multilayer isotherm model. Depending on the concentration, organic
dyes in aqueous solutions often self-aggregate, known as dimers, trimers, and higher-order
aggregates [180].
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Figure 37. Comparison of experimental data and nonlinear isotherm models for (a) Hungarian rice husk and (b)

Indonesian rice husk

The self-aggregation of MB dyes in aqueous solutions has been investigated in some previous
studies [181], [183], [184], [185]. According to Sukmana et al. [258], the concentration of MB
at 2.8 x 10> M (~9 mg/L) tends to increase indefinitely due to noticeable aggregation in both
the aqueous solution and the surface. Furthermore, in our current study, the concentration of
MB undergoes self-aggregation starting at 6.2 x 10> M (~20 mg/L) for HRH and 7.8 x 107
M (~25 mg/L) for IRH. Our result is in good accordance with the findings of Karimi Goftar et
al. [182], who reported that the concentration range at which a monomer-dimer can exist is
between 10°-107% M.
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Based on the examination of the multilayer isotherm models, it was noted that monolayer
adsorption occurred at concentrations up to 20 and 25 mg/L for HRH and IRH, respectively.
In turn, multilayer adsorption occurred at concentrations above 20 and 25 mg/L, due to the

aggregation of dye molecules.

Table 22. The multilayer isotherm model parameters for the adsorption of MB

Adsorbents
Model Parameter - - - -
Hungarian Rice Husk | Indonesian Rice Husk
A 37.60 33.57
. B 1.88 1.89
Harkins—Jura (HJ)
R? 0.47 0.42
¥ 0.96 0.97
Qm (mg/qg) 136.87 179.85
K1 0.04 0.02
. Ko 0.0001 0.003
Aranovich—Donohue (AD) >
n 0.0001 0.0001
R? 0.94 0.95
x 0.76 0.64
Qm (mg/g) 52.23 47.92
KL 0.009 0.009
Brunauer—Emmett—Teller (BET) Ks 0.19 0.14
R? 0.99 0.99
2 0.14 0.11

The parameters of the HJ, AD, and BET multilayer models, acquired by a nonlinear fitting
approach, are presented in Table 21. Based on the correlation coefficient (R?) and nonlinear
Chi-square (x?) values presented in Table 21, it can be concluded that the BET multilayer
adsorption isotherm is the most suitable model for fitting the experimental adsorption data. The
HJ Equation [187], calculates the isotherm parameter by Equation 8. The HJ adsorption
isotherm characterizes heterogeneous pore distribution and the adsorption of multilayer

molecules [188].

Aranovich and Donohue [226] have proposed an effective empirical approach for fitting
multilayer adsorption isotherms. Their model, designed for adsorption in the liquid phase, is

expressed as Equation 20:

%= (e) Gmam) @)
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where Qm is the monolayer adsorption capacity, Ki and Kz are the Aranovich—Donohue
equilibrium constants, and n2 is the modified form of the second term on the right side of the
BET Equation.

The BET multilayer isotherm is a theoretical model frequently employed in gas—solid
equilibrium systems [101], [189]. The conventional BET Equation can be adapted for
adsorption in the liquid phase and involves three independent variables (Qm, Ks, Ki) [190].
The BET Equation for adsorption in the liquid phase, as proposed by Ebadi et al. [190], can be
calculated by Equation 9.

According to the BET multilayer isotherm model, the maximum adsorption capacity has no
limit, and there is a potential to approach infinite [190]. The isotherm modeling carried out in
this study shows similarity to our prior findings regarding RH usage for MB removal, as

reported by Sukmana et al. [258].

The adsorption isotherm experiment shows that the isotherm model refers to multilayer
adsorption because the curve reaches saturation indicating the completion of the first
monolayer, which continues with the formation of another layer [272]. Therefore, the Langmuir
and Freundlich isotherm models were fitted to the experimental data to investigate the
adsorption mechanism where monolayer adsorption occurred. The estimated parameter values

of the models are presented in Table 22, while the simulations can be observed in Figure 38a,b.

The result is shown in Table 22; the Langmuir isotherm fits the experimental adsorption data
the best. The adsorption of MB using HRH and IRH had a higher R? of >0.96. The Langmuir
isotherm model indicates that adsorption occurs on a homogeneous surface. In this process,
adsorbed molecules create a saturated layer on the adsorbent, so monolayer adsorption and
maximum adsorption occur. Meanwhile, the Freundlich isotherm describes adsorption that

occurs on a heterogeneous surface [103], [104].
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Figure 38. Simulation of the Langmuir and Freundlich isotherm models for monolayer adsorption using (a)

Hungarian rice husk and (b) Indonesian rice husk

Table 23. Monolayer isotherm model parameters for the adsorption of MB

Model Parameter Adsorbents
Hungarian Rice Husk | Indonesian Rice Husk

Q_ (mglg) 90.66 94.80

K 0.08 0.05

Langmuir R 0.17 0.25
R 0.97 0.96

e 0.12 0.12

n 1.86 1.71

Freundlich K; 11.26 8.10
R 0.93 0.94

e 0.24 0.20
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To determine the isotherm parameter, Equation 12 presents the Langmuir Equation in nonlinear
form [273]. Table 22 shows that the low Kv value for MB adsorption showed a low affinity of
MB molecules to the RH adsorbent [66]. The dimensionless constant separation factor (RL) is

represented by Equation 21:

1
T 14KLC

(21)

R,

where Ci is the initial concentration of dyes, and K. is the Langmuir isotherm constant. The
parameter states isotherm to be irreversible (RL = 0), favorable (0 < RL < 1), linear (RL = 1),
and unfavorable (R > 1) [274]. Table 22 shows that the R. values for all adsorptions are <1,

indicating the favorable adsorption process.
The Freundlich isotherm in nonlinear form [275] can be expressed by Equation 22:
qe = KpCe' (22)

where Kt is the Freundlich isotherm constant, an approximate indicator of adsorption capacity,
while n is the adsorption intensity/heterogeneity parameter indicating the extent of the
adsorption driving force or surface heterogeneity [276]. Table 22 displays the n values for all
adsorption processes, all of which were >1. This indicates favorable adsorption since the values
fall within the range of 1 < n < 10 [277]. By comparing the R? values presented in Table 22, it
is evident that the adsorption process is more accurately described by the Langmuir isotherm
model rather than the Freundlich model.

5.4.7 Adsorption kinetic modelling in model wastewater

Kinetic models are employed to mathematically elucidate the adsorption mechanism of
molecules as they traverse the bulk solution toward the adsorbent surface [278]. Figure 39a,b
displays the experimental data and adsorption kinetic models by plotting time (min) as a
function of ge (Mg/g). The ge experimental measurements closely correspond to the estimated

ge data obtained from the Elovich kinetic model.

According to the correlation coefficient (R?) and the nonlinear chi-square (x?) values presented
in Table 23, it can be concluded that all the experimental data agree with the Elovich kinetic
model. Hence, chemisorption governs the MB adsorption processes [279]. The kinetic
modeling used in this work showed relevance to our prior findings as reported by Sukmana et
al. [280], which was also used to describe MB elimination via binary adsorption.
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Figure 39. Comparison of the experimental data and the Elovich model for (a) Hungarian rice husk and (b)

Indonesian rice husk

The adsorption kinetics of MB were examined by using the pseudo-first-order (PFO), pseudo-
second-order (PSO), and Elovich models. The PFO kinetic model explains that reaction rate
depends on the number of vacant adsorption sites (Hilya Koyuncu). The nonlinear PFO [206]
form is expressed by Equation 10. The PFO model is typically the most suitable when the

number of active sites is not a limiting factor [281].

The PSO kinetic model considers that adsorption is influenced by the characteristics of the
adsorbent and the solute molecules [282]. The nonlinear PSO [207] form is represented by
Equation 11. The PSO reaction rate k2 for HRH adsorbent (0.55 g/mg/h) is greater than the
PSO reaction rate k2 for IRH adsorbent (0.11 g/mg/h). The result indicates the formation of
covalent bonds between the MB molecules and the RH surface [258]. The PSO kinetic model
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demonstrates superior fitting at relatively low initial concentrations and undergoes high
variations throughout adsorption [213].

Table 24. The kinetic parameters for the adsorption of MB

Adsorbents
M | P
ode arameter Hungarian Rice Husk | Indonesian Rice Husk
ge (Mg/gQ) 22.55 20.97
ky 2.74 1.37
Pseudo first order
R? 0.72 0.89
x* (107 30 362
ge (Mg/g) 22.67 21.50
ko 0.55 0.11
Pseudo second order,
R? 0.87 0.96
12 (1074 15 124
o 1.03.E+21 6.45.E+04
2.32 0.66
Elovich
R? 0.99 0.99
x*(107%) 1 35

The Elovich model considers heterogeneous adsorbent surfaces, assuming that adsorption
occurs through chemical interactions [283]. The nonlinear Elovich [236] form can be expressed
by the Equation 16. The values of a were much greater than those of B. The findings suggest
that the adsorption rate of MB is greater than its desorption rate [284].

In our case, the PFO and PSO models were inadequate in explaining the diffusion mechanism
involved in the adsorption of MB. Thus, the intraparticle model was utilized to identify the
factor limiting the adsorption of MB onto the RHs. The intraparticle diffusion model considers
that adsorption is influenced by the rate at which adsorbate molecules move from the solution
to the surface of the adsorbent. This movement is governed by various steps, such as film or
external diffusion, pore diffusion, and surface diffusion [285]. The intraparticle diffusion

model [242] form can be expressed by Equation 17.

The linearized intraparticle diffusion kinetic model was utilized to represent the relationship
between gt and t? (Figure 40). If the line of best fit passes through the origin (0, 0), it signifies
that intraparticle diffusion is the sole governing factor in the adsorption process. Nevertheless,

the regression lines did not intersect with the origin (0, 0), and intraparticle diffusion was not
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the sole rate-controlling step in the adsorption process. Therefore, this observation suggests

that adsorption occurred in three distinct phases [286].
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Figure 40. Intraparticle diffusion model

The initial phase involves the movement of molecules from the surrounding solution to the
external surface of the solid (known as film diffusion) [286]. Subsequently, during the second
phase, the dye particles present on the external surface were transferred and adsorbed onto the
pores of the adsorbent through intraparticle diffusion [287]. The adsorption intensity varied
between values typical of monolayer and multilayer adsorption at this stage. The adsorption
intensity was greater for adsorption monolayer due to the facile adsorption of MB onto the
surface of the RHs [244]. This statement can be verified by analyzing the BET isotherm model,
which showed a greater value for the first layer constant (Ks) in comparison to the constants of
the subsequent layers (KL). The third step signifies the equilibrium phase. The C value (Table
24) for MB adsorption indicates that the intraparticle diffusion mechanism is not the sole

limiting factor in the overall adsorption process [288].

Table 25. Intraparticle diffusion parameters for MB adsorption on RHs

Model Parameter Adsorbents - -
Hungarian Rice Husk Indonesian Rice
Husk
Intraparticle Kid 0.23 0.80
diffusion C 21.32 16.67
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5.5 Desorption and regeneration of rice husk

Regeneration of adsorbents is essential to ensure the economic viability and scalability of the
adsorption process [219]. It is a requirement for the environmentally friendly utilization of
adsorbents. For a successful regeneration, it is crucial to choose appropriate eluents. The
selection of eluents depends on the specific mechanism and type of dye removal [231]. After
we investigated the applicability of HCI and NaOH as regenerating solutions, we found that
the 1.0 M HCI solution produced the best result for the desorption of MB, as shown in Figure
41.
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Figure 41. Desorption of RH with HCI and NaOH solutions

Since MB adsorption is favored at alkaline pH ranges, desorption is favored at acidic pH
ranges. The ionization constant of HCI is greater than that of NaOH, increasing the number of
positive charges on the surface of the adsorbent in an acidic environment. This ultimately
enhances the desorption of MB. The desorption of MB can be attributed to the electrostatic
repulsion between MB molecules and the surface of the RHs. Cationic dye molecules exhibit

an affinity for the negative charge present on the surface of the adsorbent [289].

After carrying out four adsorption—desorption cycles (Figure 42), we found that the adsorption
and desorption efficiencies of MB by HRH and IRH decreased from 92% to 87% and from
88% to 83%, respectively. These decreases can be attributed to the gradual buildup of MB
molecules on the surface of the adsorbent. These molecules cannot be eliminated during the
desorption process, leading to reduced adsorption capacity in subsequent experiments [290]
from 22.9 mg/g to 21.7 mg/g (HRH) and from 22 mg/g to 20.8 mg/g (Figure 43). Moreover,

the RHs were effectively recycled for four consecutive adsorption/desorption cycles,
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demonstrating their exceptional reusability. Thus, it has been demonstrated that RH is both
environmentally friendly and cost-effective as an adsorbent.

100

90

80

—~ 70

z 60

g 50

= 40

= 30

20

10

0

1 2 3 4
Cycles
®Hungarian Rice Husk ~ ®Indonesian Rice Husk
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Figure 43. Adsorption capacity of RH adsorbent

The raw material costs for HRH and IRH are approximately 0.032 and 0.393 USD/kg,
respectively. The price differential between HRH and IRH is primarily attributable to
technological and human resource allocation. Typically, IRH is cultivated by local farmers
employing conventional agricultural methods. Given rice's pivotal role as a staple food for the
majority of Indonesians and resulting in heightened demand. Therefore, prompting government

intervention to regulate dry grain prices and stabilize local markets. Conversely, HRH is
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sourced from a Hungarian company and uses modern rice milling techniques tailored to the
Hungarian market. Given rice's less prominent dietary role in Hungary, pricing remains
comparatively moderate. Thus, the observed price variance underscores the influence of
technology adoption, agricultural practices, and socio-economic contexts on global food
commodity markets. The adsorption and desorption of MB were compared also with different

adsorbents, as presented in Table 25.

Table 26. Adsorption and desorption of MB for different adsorbents

No Adsorbent Desorbing solution | Cycles | References
1 Modified corn stalks 1 M HCI 4 [291]
2 Salvinia minima biomass 0.1 M HCI 3 [292]
3 Carbonized mandarin peel 1 M HCI 3 [293]
4 Ipomoea carnea wood 0.1 M HCI 5 [294]
5 | Dialium guineense fruit shells 1 M HCI 5 [295]
6 Hungarian Rice Husk 1 M HCI 4 This study
7 Indonesian Rice Husk 1 M HCI 4 This study

5.6 Reusing dye for cotton fabrics

After desorption, the MB was recovered, and the solutions were used for dyeing cotton fabrics.
After four cycles, the recovered MB was still capable of dyeing the cotton fabrics, as shown in
Figure 43a,b. The CIE L*a*b* coordinates were used to quantitatively measure the dyeing
efficiency. The CIE L*a*b* coordinates are commonly employed to quantify color differences
(A values) between samples [146].

2 cycles 3 cycles 4 cycles

Figure 44. Cotton fabrics dyed with MB after its desorption from (a) HRH, and (b) IRH adsorbents
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Accordingly, the AL*, Aa*, and Ab* coordinates [146] were obtained using Equations 23-25.

AL* = ALieference - AL:‘ample (23)
Aa* = Aa;':eference - Aa;ample (24)
Ab* = Ab:eference - Ab;ample (25)

The L* coordinate represents the brightness level, with a scale from 0 to 100. Higher values
indicate lighter shades, while lower values indicate darker shades. The a* coordinate represents
the degree of redness or greenness, where positive values indicate redness and negative values
indicate greenness. Similarly, the b* coordinate represents yellowness or blueness, with
positive values indicating the former and negative values indicating the latter [296]. The AE*
value represents the color difference between the reference and the cotton fabric sample in the
three-dimensional CIE L*a*b* color space. The AE* form [146] can be expressed by Equation
26.

AE* = VAL*? + Aa*? + Ab*2 (26)

The AE* values can vary from 0 to 100. Within this interval, a zero value indicates no
distinction between the two images. Whereas, a value of 100 signifies that the sample image
completely contrasts the reference image in color [142]. Based on the results shown in Table
26, the acceptable tolerance for this investigation was considered AE* <5. Based on the
literature, the acceptable range for AE* tolerance is between 2 and 6, beyond which differences
are highly discernible [143].

Table 27. CIE L*a*b* value between cotton fabric from HRH and IRH recycling

No Adsorbent L* a* b* AL* Aa* Ab* AE*
1 HRH 1 cycle (standard) 84.38 -10.58 | -18.52 - - - -
2 HRH 2 cycles 83.48 | -11.07 | -19.14 | 090 | -0.49 | -0.62 | 0.71
3 HRH 3 cycles 81.44 | -11.08 | —-19.44 | -294 | -0.50 | —-0.91 | 4.86
4 HRH 4 cycles 83.19 | -10.57 | —19.03 | -1.19 0.00 -0.50 | 0.83
5 IRH 1 cycle (standard) 82.65 -12.90 | -19.93 - - - -
6 IRH 2 cycles 81.44 | -11.73 | -2045 | -1.21 1.17 -0.52 | 1.54
7 IRH 3 cycles 80.07 | -1159 | -18.99 | -2.58 1.31 0.94 4.62
8 IRH 4 cycles 83.60 | —-11.46 | —18.69 0.95 1.44 1.24 2.26
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6 Conclusion

The present study explores a novel approach to addressing environmental challenges by
focusing on the adsorption and recovery of dyes from rice husk (RH). This investigation aims
to contribute to mitigating dye-related pollutants, water reuse, and sustainable dyeing practices.
Specifically, this Ph.D. thesis systematically examines the utilization of RH as a bioadsorbent

for removing and recovering dyes from aqueous solutions.

The study used raw Indonesian rice husk (IRH) and Hungarian rice husk (HRH) as
bioadsorbents to remove MB and BR9 from aqueous solutions. Findings showed that pH,
adsorbent dose, initial dye concentration, and contact time significantly affected adsorption,
but temperature did not. The MB removal percentage of IRH and HRH at pH 10 was 96%,
while BR9 removal percentages at pH 7 were 82% and 87%, respectively. The optimal
adsorbent dose for adsorbing MB and BR9 using IRH and HRH from a 250 mL aqueous
solution was 500 mg. The isotherm data agreed with the BET multilayer adsorption isotherm
model. The Kkinetic data indicated that MB and BR9 adsorption follow the pseudo-second order
kinetic model. IRH and HRH exhibited different MB and BR9 adsorption capacities because
of their different chemical compositions. Moreover, the chemical composition of RH depended

on the RH location, farm climate, and crop technology, among others.

Removal of MB and BR9 in binary adsorption was investigated also. Maximum removal
percentages for MB and BR9 using HRH were 91.7% and 88.8%, respectively, and 83.8% and
78.2% using IRH, respectively. A BET multilayer isotherm best fit experimental data for binary
adsorption. Binary adsorption of dyes followed the Elovich Equation based on kinetic data. A
factorial design analysis indicated that interactions among adsorbent type*pH*dose for both
dyes were insignificant. Interactions between main factors (adsorbent type, pH, and dose) were
significant for MB and BR9, except for two-way interactions (adsorbent type*dose) for BR9.

This study examines the effectiveness of using raw RHs as bioadsorbents to remove MB from
model wastewater. The impact of pH, adsorbent dose, initial dye concentration, particle size,
and contact time on adsorption was investigated. The removal percentages of MB by HRH,
IRH, HRH hydrochar, and IRH hydrochar at pH 12 were 92%, 88%, 94%, and 92%,
respectively. MB removal was most effective at an adsorbent dose of 600 mg, achieved within
a contact time of 60 minutes. In addition, the BET multilayer adsorption model characterized
the isotherm data well, whereas the kinetic results were in good agreement with the Elovich

model. Following the regeneration procedure, RH could be reused with only a 5% reduction in
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adsorption percentages, even after four adsorption—desorption cycles. Reusing the desorbed

MB for dyeing cotton fabrics demonstrated an acceptable AE* tolerance range.
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7 Summary

In this Ph.D. thesis, | have undertaken a comprehensive investigation into removing the dye
from aqueous solutions, employing rice husk (RH) as the adsorbent material. Following this
examination, emphasis was placed on the recovery of dyes through an exploration of the
regeneration process of rice husk and its application in the coloring of cotton fabrics. The
research endeavors encompassed a rigorous analysis of the adsorption isotherm and kinetics
phenomena governing the interaction between dyes and RH, as well as an exploration of
regeneration methodologies aimed at facilitating the reuse of RH for sustainable cotton fabric

dyeing practices.

In the introduction, | have given an overview of the dye industry, which contributes to the
global economy and poses significant environmental challenges due to its pollution footprint.
I have emphasized that wastewater from dyeing processes contains harmful compounds that
threaten both human health and aquatic ecosystems. Meanwhile, various wastewater treatment
technologies exist, with adsorption emerging as a cost-effective and efficient dye removal and
recovery method. Further, natural adsorbents, particularly agricultural waste like rice husk,
show promise for sustainable dye removal. Therefore, Indonesia, a major rice producer,
generates substantial rice husk waste, which could mitigate environmental pollution if
repurposed as a bioadsorbent. Studies on utilizing rice husk for dye removal emphasize its
effectiveness, especially against common cationic dyes like MB and BR9. However, research
gaps exist regarding the influence of rice husk origin on adsorption capacity. To address these
issues, studies are underway focusing on the principles of reduce-reuse-recycle, aiming for
environmental sustainability through dye pollutant reduction, water and rice husk reuse, and
dye recycling. Evaluation of adsorption-desorption cycles and sustainability considerations are

crucial in assessing rice husk's viability as a bioadsorbent in a circular economy framework.

In the literature review, | have discussed dyes in detail, such as the categorization of dyes and
the identification of hazardous dyes. Also, | have focused on MB and BR9. | have presented
wastewater treatment, including an emphasis on adsorption as a method, an explanation of the
adsorption mechanism, a discussion on adsorption modeling and an exploration of different
adsorbents. | have discussed the utilization of rice husk and its modification as a bioadsorbent
for dye removal. Further, the implementation of color evaluation is used to assess dye reuse for
cotton fabrics.
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According to the main aim of this Ph.D. research, | have started my experimental work by
comparing the performance of Indonesian rice husk (IRH) and Hungarian rice husk (HRH) as
bioadsorbents for removing MB and BR9 from aqueous solutions. Chemical content, zeta
potential, and Fourier-transform infrared spectroscopy analyses were used to characterize the
rice husks (RHs). Adsorption studies were performed through batch experiments involving
several parameters, namely, pH, adsorbent dose, initial dye concentration, contact time, and
temperature to observe the self-association (aggregation) of MB and BR9. Adsorption kinetic
studies showed that maximum dye removal was achieved at a contact time of 120 min. MB and
BR9 adsorption followed a pseudo-second order kinetic model, and the BET multilayer
isotherm model provided a better fit to the experimental data of MB and BR9 adsorption. The
IRH adsorption capacities were 15.0 mg/g for MB and 7.2 mg/g for BR9, whereas those of
HRH were 24.4 mg/g for MB and 8.3 mg/g for BR9.

The adsorption of MB and BR9 using a simple solution could help elucidate the general aspects
of the adsorption process. Binary solutions should be used in further studies to get a better
understanding of the interaction between adsorbent and adsorbate. Therefore, 1 have
investigated the removal of MB and BR9 dyes by Hungarian rice husk (HRH) and Indonesian
rice husk (IRH) using binary adsorption from aqueous solutions. Adsorbents were
characterized by zeta potential, Fourier-transform infrared spectroscopy, and scanning electron
microscopy. Batch adsorption evaluated the influence of different variables, including pH,
adsorbent dose, contact time, and initial concentrations. Several factors that influence the
adsorption of MB and BR9 onto rice husk were assessed using main effect, Pareto charts,
normal probability plots, and interaction effect in a factorial design. The optimum contact time
was 60 min. Isotherm and kinetic models of MB and BR9 in binary adsorption fitted to the
Brunauer—Emmett—Teller multilayer and the Elovich equation based on correlation coefficients
and nonlinear chi-square. Results showed that the adsorption capacity of HRH was 10.4 mg/g

for MB and 10 mg/g for BR9; values for IRH were 9.3 mg/g and 9.6 mg/g, respectively.

HRH and IRH are inexpensive and environmentally friendly materials that can be successfully
utilized as adsorbents for removing MB and BR9. These adsorbents should be further studied
for dye removal from wastewater to evaluate practical applicability and considered the
regeneration—reusability of adsorbent. Therefore, | have investigated the efficacy of Hungarian
and Indonesian raw rice husks (RHs) as bioadsorbents for removing MB from wastewater.
Characterization of the RHs was conducted through zeta potential measurements, Fourier-

transform infrared spectroscopy, and scanning electron microscopy. Batch adsorption
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experiments were carried out to evaluate the influence of various parameters, including pH,
adsorbent dose, initial dye concentration, particle size, and contact time on adsorption. The
results indicate that the maximum dye removal was achieved at a contact time of 60 minutes.
Adsorption kinetics followed the Elovich model, while the BET multilayer isotherm model
provided a superior fit to the experimental data for MB adsorption. The adsorption capacities
of Hungarian and Indonesian RHs were 52.23 mg/g and 47.92 mg/g. The regeneration of RHs
after adsorption—desorption cycles required using hydrochloric acid as a desorbing solution in
four cycles. Reusing the dye for cotton fabrics demonstrated tolerable AE* color values. These
findings suggest that RHs possess considerable potential as bioadsorbents for removing MB

from wastewater.

The use of rice husk (RH) in the extended technological framework for removing and
recovering dyes represents a successful strategy that combines water conservation and
agricultural by-product valuation. Although the current study effectively addresses all the
research objectives described, some aspects need to be considered in the future investigations,

mainly:

a. Further study of using rice husks from other subspecies could provide valuable insights

into the potential variations in adsorption capacity.

b. The investigation of anionic dye adsorption onto rice husks could lead to the
development of more efficient and environmentally friendly wastewater treatment

methods.

c. Further investigation of rice husk hydrochar using batch experiments is crucial for

understanding its adsorption properties under various conditions.

d. Further study to improve the regeneration of adsorbents using a wider range of
desorbing solutions could enhance the sustainability and cost-effectiveness of the

adsorption process.

e. Investigating the cost analysis of the original and modified rice husk could provide

valuable insights into economic feasibility.

f. Further investigation of the fixed bed column method's scalability for industrial
purposes is essential to assess its feasibility for large-scale wastewater treatment

applications.
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g. Further improvement of the cotton fabric coloring method could lead to developing
more sustainable and efficient dyeing processes, reducing environmental impact and

enhancing product quality in the textile industry.
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8 Osszefoglalas

Ph.D. tézisemben atfogo vizsgalatot végeztem festékanyagok vizes oldatokbdl adszorpcioval
torténd eltavolitasara rizshéjat/rizspelyvat (RH) alkalmazva. Az adszoprciot kovetén a
festékanyagok deszoprpciojat is megvizsgaltam, a bioadszorbensek valamint a leoldott
festékek wjboli, szinezdanyagként torténd felhasznalhatosagara helyezve a hangsulyt. A
kutatasaim kiterjedtek a festékek és az RH kozotti kdlcsdnhatéast szabalyozd adszorpcios
folyamatok, az adszorpcids izoterma és kinetikai jelenségek Osszefliggéseinek elemzésére,
valamint a regeneracios modszerek feltarasara, amelyek célja az RH Ujrafelhasznalasanak

elosegitése a fenntarthatd pamutszovetfestési gyakorlatokban.

A bevezetOben attekintést adtam a festékiparrol, amely ugyan jelentdsen hozzajarul a
vildggazdasaghoz, de kdrnyezetszennyezési labnyoma miatt jelentés kornyezeti kihivast jelent.
Hangsulyoztam, hogy a festési folyamatokbdl szarmaz6 szennyviz olyan karos vegyileteket
tartalmaz, amelyek az emberi egészséget és a vizi 6koszisztémakat egyarant veszélyeztetik.
Természetesen a kulonféle szennyvizkezelési technologidk alkalmazasaval ezt a rizikot
jelentésen csokkenthetjiik, kiilonosen olyan miveleti 1épések beiktatasaval, mint az
adszorpcid/bioadszorpcio, mely nem csak eltavolitas szempontjabol hatékony hanem,
koltségek szempontjabdl is figyelemre mélto, sdt megfeleld koriilmények kozott hatékonyan
visszaforgathatd a rendszerbe.  Ezenkivil a természetes adszorbensek, kilondsen a
mezOgazdasagi hulladékok, példaul a rizshéj, igéretesek a fenntarthatd festék
kinyeres/visszaforgatasban. Indonézia, mint egy jelentds rizstermeld orszag, jelentOs
mennyiségi rizshéjhulladékot termel, melynek kdrnyezetszennyez6 hatasat mérsékelhetjik, ha
bioadszorbensként hasznositjuk. A rizshéj szinezék eltavolitasara vald felhasznalasaval
kapcsolatos tanulmanyok hangsulyozzak annak hatékonyséagat, kilondsen az olyan altalanos
kationos szinezékekkel szemben, mint a metilenkék (MB) és az alapvoros 9 (BR9). A rizs
szarmazasanak, atermelési és feldolgozasi modszereinek a rizspelyve adszorpcios kapacitasra
gyakorolt hatasat illetben azonban kutatasi hianyossagok vannak. Ezért is terjesztettem ki

vizsgalataimat az indonéz rizspelyva (IRH) mellett a magyarorszégi rizspelyvéara (HRH) is.

Mind a rizspelyva, mind pedig a festékanyagok kornyezetszennyezd probléméjanak
megoldasa érdekében folyo kutatasokhoz kapcsolddik disszertaciom, amelyeben a redukélas-
Ujrahasznalat-Ujrahasznositds  elveire  torténik az  dsszpontositas. A kornyezeti
fenntarthatosagot a festékszennyez6 anyagok csokkentésén, a viz €s a rizshéj Gjrahasznalatan,

valamint a festék-ujrahasznositason keresztil kivanjuk biztositani. Az adszorpcids-deszorpcios

97



ciklusok és a fenntarthatosagi szempontok értékelése kulcsfontossdgu a rizshéj
bioadszorbensként val6 életképesseégének felmérésében a korkords gazdasag keretein belil.

A szakirodalmi attekintésben részletesen targyaltam a szinezékeket, igy a festékek
kategorizalasat és a veszélyes szinezékek azonositasat. Nagy hangsulyt fektettem a
kilén hangsulyozva az adszorpciot, az adszorpciés mechanizmusat, az adszorpcios
modellezést és a kiilonb6z6 adszorbenseket. Szoba kertilt a rizshéj és annak maédositott (aktiv
szénné alakitott) valtozatanak bioadszorbensként torténd felhasznalasi lehetdségei. Ezenkivil
a szinmérés gyakoralti modszerét is ismertettem, hogy objektiv mddszerrel vizsgéalhatova
valjon a visszanyert festékanyag Ujrafelhasznalasanak értékelése.

Ph.D. disszertaciom alapveté céljanak megfeleléen a kisérleti munkam elsé 1épéseként
Osszehasonlitottam az indonéz rizshéj (IRH) és a magyar rizshéj (HRH) bioadszorbens
kapacitasat az MB és BR9 festéknyagok vizes oldatokbdl torténd eltavolitasara. A rizshéjak
(RH-K) jellemzésére kémiai Osszetétel, zéta potencial és Fourier-transzformacios infravoros
spektroszkdpias elemzéseket hasznaltam. Az adszorpcids vizsgalatokat szakaszos kisérletek
sorozataval végeztem, amelyek sordn vizsgaltam a pH, az adszorbens doézis, a kezdeti
festékkoncentraci, érintkezési id6 és a homérséklet befolyasold szerepét. Az adszorpcios
kinetikai vizsgalatok azt mutattak, hogy a maximalis festékeltavolitds 120 perces erintkezési
idovel érhetd el. Az MB és BR9 adszorpciodja pszeudo-masodrendi kinetikai modellt kovetett,
¢s a BET tobbrétegli izoterma modell jobban illeszkedett az MB ¢és BR9 adszorpcid kisérleti
adataihoz. Az IRH adszorpcids kapacitasa MB esetében 15,0 mg/g és BR9 esetében 7,2 mg/g
volt, mig a HRH adszorpcios kapacitasa 24,4 mg/g MB és 8,3 mg/g BR9 esetében.

Binaris megoldasokat kell hasznalni tovabbi vizsgalatok soran, hogy jobban megertsik az
adszorbens és az adszorbatum kozotti kdlcsonhatast. Ezért megvizsgaltam a metilénkék (MB)
és a bazikus voros 9 (BR9) szinezékek eltavolitasat magyar rizshéj (HRH) és indonéz rizshéj
(IRH) altal vizes oldatokbol binéris bioszorpcioval. Az adszorbenseket zéta potenciallal,
Fourier-transzformacios infravords spektroszkopiaval és pasztazd elektronmikroszkdpiaval
jellemeztiik. A szakaszos bioszorpcio soran is a meghatarozé valtozok a pH, az adszorbens
ddzisa, az érintkezési id6 és a kezdeti koncentracio hatasat értékeltik, beleértve. A hatasok
matematikai/statisztikai elemzésésének ererdményeit Pareto diagramok, normal valdszintiségi
diagramok és kélcsonhatasok abrozolasanak segitségével mutatom be, mindezt egy faktorialis
tervezési kisrlettervre alapozva. Az optimalis érintkezési id6 60 percnek adodott, az MB és

BR9 izoterma és kinetikai modelljei binaris bioszorpcidban a legjobb illeszkedést a Brunauer—
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Emmett-Teller tobbrétegii rendszerre és az Elovich-egyenletre illesztve adta a korrelacios
egyUtthatok és nemlinearis khi-négyzet alapjan. Az eredmények azt mutattdk, hogy a HRH
bioszorpcios kapacitasa 10,4 mg/g MB és 10 mg/g BR9 esetében; az IRH értéke 9,3 mg/g és
9,6 mg/g volt.

A HRH és az IRH olcs6 és kornyezetbardt anyagok, amelyek sikeresen hasznalhatok
adszorbensként az MB és BR9 eltavolitasara, &m gyakorlati alkalmazhat6sag szempontjabol a
mréseket ki kell terjeszteni a valds szennyvizb6l torténd festékeltavolitasra is, valamint
figyelembe kell venni az adszorbens regeneralhatdsagat-ujrafelhasznalhatdsagat. Ezért
megvizsgaltam a magyar és indonéz rizshéj (RH) bioadszorbens hatékonysagat a metilénkék
(MB) szennyvizbdl torténd eltavolitasara. Batch adszorpcios kisérleteket végeztink a
kiilonbozo paraméterek, koztiik a pH, az adszorbens dozis, a kezdeti festékkoncentracio, a
részecskeméret és az érintkezési 1d6 adszorpciora gyakorolt hatdsanak értékelésére. Az
eredmenyek azt mutatjak, hogy a maximalis festékeltavolitast 60 perces érintkezési idével
érték el. Az adszorpcios kinetika az Elovich-modellt kovette, mig a BET tobbrétegii izoterma
modell kivald illeszkedést biztositott az MB adszorpcio kisérleti adataihoz. A magyar és
indonéz RH adszorpcios kapacitdsa 52,23 mg/g és 47,92 mg/g volt. Az adszorpcids-
deszorpcios ciklusok utan az RH-ek regeneraldsa sésav deszorpcios oldatanak felhasznélasaval
négy ciklusban is lehetséges. A festék pamutszovetekhez vald ujrafelhasznalasa elfogadhato
AE* szinértékeket mutatott. Ezek az eredmények arra utalnak, hogy az RH-k jelent6s

bioadszorbens potenciallal rendelkeznek az MB szennyvizbdl torténd eltavolitasara.

A rizshéj (RH) alkalmazasa a festékek eltavolitasara és visszanyerésére keretben sikeres
stratégia, amely egyesiti a vizmegOrzést és a mez6gazdasagi melléktermékek hasznositasat.
Bar a jelenlegi tanulmany hatékonyan foglalkozik az 6sszes leirt kutatasi céllal, néhany

szempontot figyelembe kell venni a jovObeni vizsgélatok soran, elsdsorban:

a. A mas alfajokbdl szarmazé rizshéj felhasznalasanak tovabbi tanulmanyozasa
értékes betekintést nyujthat az adszorpciods kapacitas lehetséges valtozasaiba.
b. Az anionos festék adszorpcidjanak vizsgalata a rizshéjon hatékonyabb eés
kornyezetbaratabb szennyvizkezelési modszerek kidolgozasat eredményezheti.
c. A rizshéjbol készitett aktiv szén tovabbi vizsgélata kulcsfontossagu az
adszorpcios tulajdonsagok megértéseben.
deszorbeald6 megoldasok szélesebb skalajaval javithatjdk az adszorpcids

folyamat fenntarthatosagat és koltséghatékonységat.
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e.

g.

Az eredeti és modositott rizshéj koltségelemzésének vizsgalata értékes
betekintést nyujthat a gazdasagi megvaldsithatésagba.

A fix agyas oszlopos mddszer ipari céli méretndvelésének tovabbi vizsgalata
elengedhetetlen az ipari szennyvizkezelési alkalmazasokban torténd
megvaldsithatdsaghoz.

A pamutszivet szinezési modszerének tovabbi fejlesztése fenntarthatobb és
hatékonyabb festési eljarasok Kkifejlesztésehez, a kornyezeti hatasok

csokkentéséhez és a termékmindség javitasahoz vezethet a textiliparban.
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9 New scientific results

1. Rice Husk (RH) is proven to be a bioadsorbent for MB and BR9 removal from aqueous

solution:

a. Removal percentages for MB using HRH and IRH were 96%, respectively, and for BR9
using HRH and IRH were 83.8% and 78.2%, respectively.

b. The optimal condition for MB and BR9 removal was achieved at a contact time of 120
min using concentration value is 2 g/L, initial dye concentration of 30 mg/L at pH 10
(MB) and pH 7 (BR9) and a stirring rate of 100 rpm.

c. MB concentrations of 2.8 x 10 M (~9 mg/L) and BR9 concentrations of 4.1 x 107
(~12 mg/L) tend to increase to infinity, since the aggregation is perceptible in the
aqueous solution and on the surface.

d. The adsorption of MB and BR9 is governed by chemisorption, a process characterized
by the sharing or exchange of electrons between the negatively charged functional

groups on the RH bioadsorbent and the positively charged cationic dye molecules.

2. HRH and IRH exhibited different MB and BR9 adsorption capacities because of their
different chemical compositions. The HRH adsorption capacities were 24.4 mg/g for MB and
8.3 mg/g for BR9, whereas those of IRH were 15.0 mg/g for MB and 7.2 mg/g for BRO.

3. Rice husk can be considered as bioadsorbent for binary adsorption of tested cationic dyes

from aqueous solution as well:

a. Removal percentages for MB and BR9 using HRH were 91.7% and 88.8%,
respectively, and 83.8% and 78.2% using IRH, respectively.

b. The adsorption capacity of HRH was 10.4 mg/g for MB and 10 mg/g for BR9; values
for IRH were 9.3 mg/g and 9.6 mg/g, respectively.

c. Adsorption is controlled by chemisorption, as evidenced by the application of the
Elovich equation in describing the adsorption kinetics of MB and BR9.

d. A factorial design analysis indicated that interactions among adsorbent type*pH*dose
for both dyes were insignificant. Interactions between main factors (adsorbent type, pH,
and dose) were significant for MB and BR9, except for two-way interactions (adsorbent
type*dose) for BR9.

4. Rice husk was an effective bioadsorbent for Methylene Blue removal from model

wastewater:
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a. Removal percentages for MB using HRH and IRH were 92% and 88%, respectively.

b. The optimal condition for MB removal was achieved at a contact time of 60 min using
600 mg of adsorbent dose in 250 mL aqueous solution, initial dye concentration of 60
mg/L at pH 12 and a stirring rate of 100 rpm.

c. The HRH and IRH adsorption capacities were 52.23 mg/g and 47.92 mg/qg.

d. The chemisorption took place during the adsorption process, as indicated by the Elovich
model. This model assumes that adsorption involves chemical interactions between the
MB and the RH biodsorbent.

5. Rice husk was successfully modified by hydrothermal carbonization method for efficient
Methylene Blue adsorption:

a. The hydrothermal carbonization changed the previously smooth surface of the raw
RH,the RH is transformed into smaller particles with rough surfaces and porous
structures.

b. The removal percentage for hydrochar RH was slightly greater than that for raw RH;
however, the difference was insignificant. Consequently, raw RH is cheaper and more

effective for MB removal from wastewater than RH hydrochar.

6. Rice husk was successfully utilized for desorption and regeneration processes, aligning with
the principles of the circular economy to evaluate the environmental sustainability of this
bioadsorbent:

a. 1.0 M HCI was the most effective desorbing solution in the desorption of MB from
model wastewater.

b. The RH was effectively recycled for four consecutive adsorption-desorption cycles and
can be reused with a 5% reduction in adsorption percentages.

7. The MB solution recovered by desorption can be used for dyeing cotton fabrics:

a. After four processing cycles, the recovered MB was still capable of dyeing the cotton
fabrics.
b. Reusing dye for cotton fabrics after the adsorption-desorption process demonstrated an

acceptable range for AE* value of 0 to 5 or below.
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13 Appendices

Appendix 1: Raw rice husk

Appendix 2: Batch adsorption experiment

Single solution (MB) Single solution (BR9)

Binary solutions (MB+BR9) MB model wastewater
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Appendix 3: Rice husk adsorbent after adsorption
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