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Abstract

The shrimp cultivation produces significant wastes, including shrimp shell waste
and nutrient-rich wastewater, posing environmental challenges. This study developed a
sustainable shrimp shell-derived adsorbent (SSs), rich in Calcium (Ca), for phosphate
(PO4*") adsorption from shrimp aquaculture wastewater.

Furthermore, methyl Orange (MO) dye, selected as a model anionic pollutant, was
employed to evaluate the SSs performance in wastewater treatment applications. The
results revealed effective PO4>~ adsorption and notable MO removal, highlighting its
dual functionality in nutrient recovery and water purification. By transforming waste
into high-value products, this "waste-to-wealth" strategy promotes sustainability and a
circular system in the shrimp aquaculture. Future applications might include scalable
wastewater treatment systems in shrimp cultivation and utilize the PO,* adsorbed SSs

as a sustainable fertilizer.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Shrimp cultivation

Shrimp is a popular seafood item, with high consumer demand. They are obtained via
two methods: shrimp catching (wild capture), and shrimp cultivation (farming or aquaculture).
Shrimp catching is a traditional method of harvesting wild shrimp from their natural habitats
such as oceans, rivers, and estuaries, whereas shrimp farming uses controlled environments to
grow shrimp in ponds, tanks, or other aquatic systems. Wild shrimp catching has been a
challenge and has dropped dramatically because of overfishing, habitat destruction, and
seasonal limitations. According to Food and Agriculture Organization (FAO) (2020) [7], the
global shrimp catch reached 3.35 million tons in 2003, and there has been no increasing trend
According to FAO (2020), suggesting no significant growth in global shrimp production from
shrimp catching over the years. Therefore, the shift from shrimp catching to shrimp farming
occurred largely in the shrimp production to meet growing global demand and ensure long-
term productivity. Expansion of the aquaculture is crucial for ending overfishing by 2020,
following Sustainable Development Goals (SDGs) [8]

Shrimp cultivation, also known as shrimp aquaculture, is the farming of shrimp or prawns
in controlled aquatic environments. It is a rapidly expanding sector of the aquaculture industry,
due to its sustainable and high-yield production. Shrimp farming systems can yield up to 15—
25 tons per hectare per cycle, compared to the limited availability of wild shrimp stocks (2—-10
kg of bycatch per kg of shrimp) [9]. Shrimp farming involves three main systems with
differences in scale, technology, and environmental impact including extensive, semi-intensive
and intensive systems [10]. While intensive systems generate large yields, they also pose
environmental issues and necessitate appropriate environmental management for the generated
wastewater and waste. Extensive and semi-intensive systems are typically more
environmentally friendly but yield lower production [10, 11]. Each type contributes to the
growing global shrimp farming industry, and many producers attempt to maintain a balance
between profitability and sustainability, especially as shrimp demand rises globally.

In 2018, shrimp farming accounted for 63.5% of total shrimp production. Shrimp farms
occupied an estimated 3.490 million hectares (Mha), and 2.426 Mha were assigned to
production ponds, with an annual increase of 3—5%. The extensive shrimp farms occupied
1.804 Mha of farm area and produced 11.4% of global shrimp production, including 1.377 Mha

of producing ponds. Semi-intensive and intensive farming areas combined accounted for 1.049
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Mha of the global shrimp pond areas. Shrimp pond aquaculture is essential for supplying the
increasing global demand for shrimp, and sustainable practices are necessary to reduce its

environmental impact.

1.1.2 Shrimp aquaculture production

Shrimp aquaculture is one of the leading contributors to the global food production
industry due to its high demand and market value [7].The global shrimp production has shown
significant expansion in recent decades (See Figure 1.1). In 1980, production was around
70,000 tones. By 1990, this had dramatically increased to 700,000 tones, signifying a tenfold
augmentation within a decade. By the year 2000, production surpassed 1 million tones (Mt).
The upward trend continued, attaining 3.6 Mt in 2010 and reaching a peak of 6.0 Mt by 2019.
In 2020, the global shrimp production was projected to reach 5.1 Mt, with a compound annual
growth rate (CAGR) of 6.1% from 2020 to 2026 [12]. This decline in 2020 was largely
attributed to the disruptions caused by the COVID-19 pandemic. The annual production is
expected to rise, and it is estimated to be around 7.28 Mt in 2025 [12, 13]. This remarkable
growth has been influenced by the expansion of shrimp aquaculture, which has steadily

replaced shrimp catching as the predominant source of global shrimp supply.

6.56
572 6.05
5.11 5.10
457 4.82
3.97 4.06 414
3.58 | |
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Figure 1.1 Aquaculture shrimp production.
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The increase in production from 1980 to 2000 was mainly for P. monodon (giant tiger
prawn) in Asia. However, the introduction of L. vannamei (pacific white shrimp) in Asia
drastically transformed worldwide shrimp production, and it exceeded that of P monodon by

2004. In 2010, 73.9% of shrimp aquaculture production derived from L. vannamei. In 2018,
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global shrimp production rose markedly, with L. vannamei constituting 82.7% of the total, P.
monodon contributing 12.5%, and 4.8% coming from other species. This transition highlights
the importance of L. vannamei in current shrimp aquaculture, because of its rapid growth,
adaptability, and enhanced productivity in intensive farming systems.

Global farmed shrimp production originated from 59 countries. However, six countries
—China, Ecuador, India, Indonesia, Thailand, and Vietnam—each exceeded 300,000 tones
and accounted for 88.1% of global aquaculture production. These countries also provided
83.6% of L. vannamei and 80.1% of P. monodon production. On the other hand, the remaining
around 12% is produced mostly from Latin America, especially Brazil, and Mexico. China is
the top producer of farmed shrimp in Asia, growing almost 2.12 Mt in 2019. In Southeast
Asia, Indonesia produced over 0.93 Mt in 2029, follow by Vietnam (0.88 Mt). Thailand's
farmed shrimp production was 0.38 Mt, and Thailand is the largest exporter of farmed shrimp
to the USA, Europe, Canada, Japan, and South Korea [14]. As part of In Latin America,
Ecuador had the largest output with 1.3 Mt in 2021 (Figure 1.2).

Europe (2020)

0.42 kt China (2019)
212 Mt
Viet Nam
ind (2019)
naia (2019)
076y Thaland 0.88 Mt
Ecuador (2022 : (2019)
0.38 Mt

1.3 Mt
Indonesia (2019}

0.93 Mt

Figure 1.2 Aquaculture shrimp production by country.

1.1.3  Shrimp shell processing

Generally, shrimp are stored and exported in the frozen form, either with or without shells,
based on market demand. Shrimps are processed in three major types, such as 1) whole shrimp,
i1) de-headed shrimp, and iii1) peeled shrimp [15]. As shown in Figure 3.3, when shrimps arrive
at the processing plants, they can be processed on the same day or could be stored in a frozen

room if not processed immediately. Initially, shrimp are washed with regular water to eliminate



Chapter 1 Introduction

any visible impurities. These shrimps are sorted and graded following the requirements, with
damaged and undesirable samples, classifying as low-grade products or garbage. Graded
shrimp are subsequently washed with iced chlorinated water for hygiene purposes and then
divided into three separate groups depending on demand. The first group is whole shrimp,
which undergo additional processing with additive treatment to maintain their quality. The
second group involves de-head shrimp, where shrimp are beheaded either manually or by using
a machine. All de-headed shrimps are washed again to remove any unwanted debris and then
soaked in an iced additive solution. The third group is called peeled shrimp, in which shrimp
are initially immersed in cooled water for maturation up to 48 h or more. The maturation phase
weakens the muscle-shell attachment to aid in the peeling process. After the peeling process,
shrimp meat is gathered, rinsed, and subjected to an additive treatment. All shrimp are rewashed
and graded again. All graded shrimp are weighed and packaged of 1 or 2 kg of shrimp per
package before freezing. Frozen shrimp are thereafter located at the frozen storage facility at

—20 °C until exportation (See Figure 1.3).

a : J Shrimp aquaculture
Shrimp collection O Shrimp catching

Wash & weighing

o
— {%‘#
Sort & Griding | Washing l

Washing Drying
with iced-chlorine water (60-70 °C)
¥ ¥
De-shelling —
= .

i

¥
3
Head less shrimp Peeled shrimp B3

2
[ Washing& sorting ] |3hrimpahall pnwdarJ

" O Decalcification (for Chitin/Chitosan Extraction)
Welghing & packing 0O Degroteination (for Chitin/Chitosan Extraction)
" O  Biochar Production (Thermal treatment)

Freezing & Glazing | mp Export

Figure 1.3 Schematic presentation of shrimp processing.

In the production of shrimp shell powder, fresh shrimp shells are thoroughly washed with
purified water and/or neutralized by an acid-base treatment. The washed shrimp shells are then
dried at 60-70°C for 24 h, after which they are ground into a fine powder and stored in a sealed
container to preserve their quality [16, 17]. Shrimp shell powder can be transformed shrimp

shell powder into valuable components, including chitin, chitosan, and biochar vis additional
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processes such as chemical, biological (microbial) methods and thermal treatment [17] (See
Figure 1.3). In the traditional chemical method, strong acids and bases are used to remove
proteins and minerals from shrimp shells. HCL is employed for demineralization, while NaOH
is used for deproteinization, yielding chitin. In the biological extraction process, proteolytic
microorganisms or enzymes (such as Lactobacillus pentoses) are used for the demineralization
and deproteinization of shrimp shells to extract chitin [16]. Chitosan can be obtained by
removing the acetyl groups from chitin, a process known as deacetylation, using NaOH at high
temperatures. In recent years, shrimp shell powder can be converted into biochar through
thermal treatment, typically through pyrolysis. The shrimp shell-derived derived-biochar is
very effective in environmental applications such as wastewater treatment, soil amendment,

and others [17].

1.2 Environmental issues in shrimp aquaculture

1.2.1  Shrimp waste generation

During shrimp processing (sorting, beheading, peeling, and washing) processes (See
Figure 3.3), nearly 35%—65% of waste is generated as shrimp head, viscera, and shell etc. [18].
Furthermore, the washing and cooking processes generate wastewater pollution, approximately
1 gallon of wastewater per ton of cooked shrimp. In focus, every year, 6—8 Mt of crab, shrimp,
and lobster shells are discarded globally [19], and specifically, shrimp waste alone is estimated
at around 3.8 Mt annually, generated during processing. About 1.5 Mt of shrimp shell waste
are threw away in Southeast Asia alone. [20]. Due to the high cost of waste disposal, shrimp
waste management is a global concern, particularly in developing nations. This serves
environmental issue associated with land disposal, ocean dumping, or incineration. These
shrimp wastes can cause odor production (gases, fumes, and dust) and rapid decomposition,
resulting in environmental pollution affecting the economy, ecosystem and livelihood of the
people [21]. Though a small amount of shrimp waste of shrimp shell waste can be utilized as
animal feed, large amounts of this byproduct still available and pollute the environment [22].
Therefore, appropriate utilization of shrimp shell waste toward a zero-waste strategy can

enhance the economic value of these by products and reduce environmental pollution.

1.2.2  Shrimp aquaculture wastewater

Shrimp aquaculture wastewater contains excessive nutrients, especially inorganic

nitrogen (N) and phosphorus (P), leading to water quality deterioration and eutrophication [23].
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The primary source of nutrient input is protein-rich feed and fertilizer as shrimp require protein
for growth, accounting for 76-92% of N and 70-91% of P in the total inputs [24, 25]. Protein-
rich feed is extensively utilized in intensive shrimp aquaculture to meet the high protein
demands of shrimp, which are approximately two to three times higher than those of mammals.
However, the digestibility of fish (snakehead, shrimp, crab, etc.) is limited due to its short gut
[26]. Only 21-24% of N and 10—-13% of P in this feed are incorporated into shrimp bodies, and
the remaining amount is consequently retained in the pond water as waste [27, 28].

As shown in Figure 1.4, the sinks for N are the sediments (24%), and discharged
water (27%). This leaves approximately 30% of the N unaccounted for which is assumed to
be N lost to the atmosphere as Nitrogen gas (N2) or ammonia (NH3) [29, 30]. This
volatilization of nitrogen results from the microbial decomposition processes in ponds
particularly the bacterial conversion of nitrogen, primarily nitrate (NO3°), to N». Interestingly,
aquaculture is recognized as a significant anthropogenic source of N>O emission (3.83 x 10! g
in 2030), which is a potent greenhouse gas that contributes to ozone layer depletion and
global climate change [31]. NH3 is a significant atmospheric contaminant that affects
environmental and public health, as well as climate change. On the other hand, 53.5% of P
was assumed to be the eroded pond bottom, and effluent water accounted for 43.1% of P in
the budget [30]. Excessive N and P residues in the pond may cause significant N and P
contamination in natural water bodies via effluent discharge, which potentially causes
eutrophication in water bodies receiving effluents from shrimp farms. Eutrophication disrupts
ecological balance, dissolved oxygen level and potentially lead to significant mortality of
aquatic organisms [32].

Additionally, poor shrimp farming practices, including the frequent use of antibiotics,
pesticides, food additives, water and soil treatment agents, and hormones, are major
contributors to the significant increase in pollution levels in aquaculture environments [33].
Large amounts of chemicals are used in shrimp ponds for controlling water quality problems,
and the high risk of disease, and improve production. In both intensive and semi-intensive
shrimp production, approximately 8.2 ton of chemicals and 41.7 tons of biological products
are utilized alongside food additives. Food additives enhance the nutritional content of
wastewater, and harmful compounds including antibiotics, disinfectants, and pesticides persist
in the water as residues and remain in the environment for a very long period after being

released [34].


https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/climate-change

Chapter 1 Introduction

-*-

~30% N loss)
NH, ~3. 83 X 10” gin 2030
A
Protein-rich | ~20% of N uptake
feed | ~10% Of P uptake
Fad .
BOD COD i
Feces
! Available O
valablet; — Available N/P
. A W ; _MICT?_I'_Q_EHISW Denitrification
[ NH, < NI | Posﬂ NH3— N,0™— N,0—> N,
e N | Nitrification
+ NH{—>NH,OH > NOH™ NO; > N0z /'serious NIP pollut;
. . i - = i through the effluel
Sedimentation& | ! po3- g H,PO; o HPO3 !
Resuspension : S L i "41:""°fP|°5
Organic acide " ~93%of P loss ~27% of N los

= ~24% of N loss

Figure 1.4 Nitrogen (N) and phosphorus (P) cycle in aquaculture shrimp pound.

As a result, shrimp pond wastewater contains N, such as nitrite (NO2) and ammonia
(NHs); P, including phosphate (PO+*"); organic pollutants from chemical residues in feed,
fertilizers, and antibiotics; and a high level of total organic matter. It also exhibits high
biological oxygen demand (BOD) and chemical oxygen. [35] Overfeeding during the shrimp
production stage, the use of fertilizers that increase eutrophication, and poor farm management
practices are the major activities that might significantly enhance the pollutant load of the
shrimp farmed wastewater. Shrimp aquaculture generates wastewater that poses significant
environmental challenges due to its unsuitability for reuse, recycling, or discharge into natural

water bodies.
1.3 Shrimp shell waste utilization

Shrimp shell wastes contained valuable compounds such as protein/peptides [36],
chitin/chitosan [37], minerals [38] and vitamins [39], and others. The exact amounts of each
composition vary depending on the sources and conditions of processing. Typically, shrimp
shell waste contained valuable chitin (15-40%), protein (20—40%), and calcium carbonate
(CaCOs, 20-40%) [40, 41]. The shrimp waste composition also includes nutritious and
beneficial compounds, such as essential and nonessential amino acids, minerals (calcium and
phosphorus), and fat-soluble vitamins (vitamins A, D, and E). Moreover, several bioactive
substances have been identified, including astaxanthin, protein hydrolysate (peptide),
polyunsaturated fatty acids, and a-tocopherol [42].Many researchers have been developed

value-added products derived from shrimp shell waste, including applications in the fields of
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pharmaceutical [43], food [44], feed [45], environment [46], energy conversion [47], and
other industrial approach.

Bioactive compounds derived from shrimp processing byproducts can be utilized in
the food and feed industries. Chitosan, obtained from shrimp waste through chemical
procedures, served as a food ingredient due to its antibacterial properties and non-toxic nature
[48]. Astaxanthin, extracted from shrimp byproducts, was also utilized in poultry quality
assessment [49]. Additionally, shrimp processing waste can boost the growth performance
and immunity of aquaculture fish [50]. On the other hand, resent research has demonstrated
the utilization of active chemicals derived from shrimp processing waste for metal and dye
removal from wastewater, bioplastic production, and energy conservation, among other
applications. Hydrothermal carbonization of shrimp waste produced hydrocar containing 39—
40% carbon, 21-25% ash, and a calorific value of 18—23 MJ/kg. This carbon-rich shrimp
shell waste utilized for energy conservation and carbon sequestration [51]. In another study,
Thammahiwes et. al. (2018) [52] employed calcified shrimp shell powder in the fabrication
of bioplastics. The use of shrimp shell powder shown notable enhancements in tensile,
thermal, and morphological characteristics. Yuan et. al. (2020) [53] recently created
biodegradable composite films by utilizing protein and chitosan derived from shrimp shell

waste, which exhibited enhanced antioxidant characteristics and ultraviolet barrier efficacy.

1.3.1  Shrimp shell waste utilization for wastewater application

Recent studies have reported the application of active compounds derived from shrimp
processing waste in the full removal of water pollutants, from inorganic (i.e., heavy metals)
and organic pollutants (i.e., dyes) (see Table 1.1).

For example, shrimp shell powder was evaluated as a biopolymer for the removal of
Fe, Al, Mn, Co, and Ni from mine-impacted water. Due to its high concentrations of chitin
and CaCOs, shrimp shell powder efficiently removed heavy metals from mine wastewater
(rich in Fe, Mn, Hg, Zn, and Ni). The metal removal was accomplished through the
physisorption, resulting in 90% removal overall [54, 55]. Shrimp shell waste serve as a cost-
effective adsorbent for the removal of heavy metals from wastewater. Non-treated shrimp-
shells were sun-dried and pulverized, and the produced powder was analyzed for its efficacy
in textile color removal. Powdered shrimp shell (2.1 mg/L) effectively removed 90% of the
color within 2 h. The mechanism exhibited the monolayer adsorption process enhanced by
improved micro-porosity [56]. Shrimp shell waste was generated as hydrochar adsorbent via

deproteinization and deacetylation procedures, subsequently followed by hydrothermal
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carbonization (See Figure 1.5). The shrimp shell derived-hydrochar had an excellenct
adsorption capacity of 755.1 mg/g for methyl orange dye at pH 4, attributable to its increased

specific surface area and the presence of nitrogen-containing functional groups with elongated

aliphatic chains [3].

Table 1.1 Shrimp shell waste in wastewater treatment applications.

Active compound Application

Activity/ Function Ref.

Chitin/ chitosan/ Dye/ heavy metal (Mn,

Micro-porosity/

dried and ground Fe, Cu, etc.) removal adsorption capacity [3, 54-58]
shrimp shell from wastewater and efficiency
Calcified shrimp _ Supporter for Pd NPs
Benzene degradation ] o [59]
waste catalytic activity
Chitin nanofibrous- Oil dispersion, S o
) _ Antifouling activity/
based Oil/water emulsion o o [60]
_ emulsification activity
membrane separation,
(a ) ; grinding mixing “;” depgr::zin;z:tion cer;:l;irf:sz:gn
Waste Shrimp Shell SOl i ) WSS after deproteinization
(Wss) (ws1)
hydrothermal carbonazition centrifugation deacetylation mixing
3 180°C 12h filtration & washing 130°C 4h
%5 WS1 after deacetylation NeOH
2 5 (Ws2)
C_C mixing aciq washing_ _ “ wws-based hydrochar
@ ¢ ; washing drying C (WSH)
WS2 after HTC HAs
(ws3)
LK
(b) hydrothermal carbonazition 00
180°C 12h [ X ]
Commercial Chitosan-based hydrochar
Chitosan (CCH)

Figure 1.5 The preparation procedure of waste shrimp shell-based hydrochar [3].

1.4 Adsorbent-derived biochar for adsorption applications

These days, it is necessary to develop more sustainable approaches, cost-effective, and

less complicate for wastewater treatment. Many researchers have investigated that adsorption
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is preferable to other methods for removing pollutants from wastewater. Although a wide range
of adsorbent materials are described in the previous studies, the use of waste materials is a
creative disposal and waste removal strategy, referring to as a "waste to wealth". Pyrolysis is
a preferred method to convert waste to biochar adsorbents with excellent physicochemical
properties, including agricultural residues [61], egg shells [62], crab shells [63] and others. If
biochar is used to adsorb nutrients such as PO4>~, PO4*~ adsorbed-biochar can also be used as

a soil amendment or fertilizer without generating secondary pollutants [62, 64].

1.4.1 Pyrolysis for biochar production

Biochar, a carbon-rich solid produced through the thermochemical conversion of
biomass under limited or oxygen-free conditions at temperatures above 250 °C, has gained
recognition as an effective material for addressing organic and inorganic environmental
pollutants, particularly in water treatment applications. Though various thermochemical
processes including include hydrothermal carbonization (HTC), pyrolysis, and gasification
are employed to convert biomass into biochar and byproducts such as bio-oil and non-
condensable gases, because of its effectiveness and adaptability for producing high-
quality biochar [4, 5]. Pyrolysis is a thermochemical process that breaks down biomass in the
absence of oxygen at temperatures between 300 and 900 °C, producing biochar, bio-oil, and

gaseous byproducts [65]. The basic process of pyrolysis is illustrated in Figure 1.6.

cyclone separator

|_> condenser
l bio oil

bio char

Biomass

—s

4 fluidizing gas
pre heater

Figure 1.6 Lab-scale pyrolysis set-up [4].

Pyrolysis can be categorized into slow (conventional) and fast processes, depending on

the operating conditions [4, 5].
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+«»+ Slow Pyrolysis
Slow pyrolysis, a traditionally established method for charcoal the production, conduct
over a wide temperature range (300-700 °C), with a long residence time (> 2 h), and low
heating rates (5—7 °C/min). The process operates at atmospheric pressure, producing biochar,
bio-oil, and gas in approximately similar amounts, regardless of the biomass type.
« Fast Pyrolysis
Fast pyrolysis is performed at higher temperatures (500-1000 °C) for short reaction
durations, and high heating rates (>200 °C/min). This technique primarily generates large
amounts of bio-oil and non-condensable gases, whereas the yields of biochar are comparatively
smaller than those obtained from slow pyrolysis. It is generally necessary to pre-dry the

biomass to a moisture level of less than 10%.

1.4.2  Biochar for water pollutant adsorption

Recently, biochar production from biomass via pyrolysis has gained attention for its
effectiveness in pollutants removal. Many previous studies have explored the effectiveness of
different types of biochar in removing heavy metals from contaminated water. For example,
pristine biochar, derived from Japanese oak wood and pyrolyzed at 500 °C, showed promising
performance in sorbing arsenite (As) [66]. Burton et al. [67] found that biochar produced at
700 °C was more effective than that produced at 300 °C for As adsorption, particularly due to
its higher specific surface area and increased surface aromaticity. The mechanisms of heavy
metals adsorption by biochar from wastewater primarily involve complex formation,

electrostatic interactions, and ion exchange (see Figure 1.7).
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Figure 1.7 Heavy metal adsorption mechanisms of biochar. (modified form Liao et al. [6])
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Biochar also has been investigated as an adsorbent for nutrient removal via adsorption.
[5, 68]. However, biochar is primarily negatively charged, anions such as PO+~ and NOs™ are
typically repelled rather than adsorbed. Modifying biochar is essential to greatly improve its
ability to adsorb nutrients by minimizing electrostatic repulsion or enhancing surface
interactions. Without modification, no NOs~ removal was observed for 12 biochars derived
from three different biomass [69]. Similar findings were reported for biochars made from corn
stover and oak wood pyrolyzed at 300-450 °C [70] and cacao shell and corn cob pyrolyzed at
300-350 °C [71]. On the other hand, biochar pyrolyzed from Lanthanum (La)-immersed oak
sawdust significantly increased the NOs~ adsorption capacity, from 2.02 mg/g (unmodified) to
22.58 mg/g. The enhancement in NOs™ removal was due to an increase in the functional groups.
The mechanism of nutrients adsorption was illustrated in Figure 1.8. Similarly, biochar derived
from magnesium (Mg)-enriched tomato leaves demonstrated a high capacity for adsorbing
PO+*, with > 100 mg/g. The study also suggested that the PO.*"-loaded biochar could be
utilized as a soil amendment or slow-release fertilizer due to its content of more than 10% P
[72].

Surface functional groups

Surface area and porosity

Pores

pH>pHzpc

g T
Electrostatic attraction
pH<pHzpc
O NHi+ A NO;- Po2- @ Metals attached () Exchangeable
on biochar cations

Figure 1.8 Nutrients adsorption mechanisms of biochar [5].
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Table 1.2 Various types of biochar and their potential for the adsorption of heavy metals and

nutrients.
Adsorption
Pollutants Biochar Origin Temperature capacity Ref.
(mg/g)
Pine wood char Fast pyrolysis 4.13 [73]
Ph2* 400-450 °C
Buffalo Weed biochar 300, 500 and 33333 [74]
700 °C (700 °C)
Cd* Cow manure biochar 400 and 600 °C 118.4 [75]
Soybean straw char 400 °C 0.03 [76]
Cu® 200 °C and 48.41
Dairy manure biochar [77]
350 °C (350 °C)
N2t Taihu blue algae biochar 800 °C 2.2 [78]
Chlorella sp. residue biochar 450 °C 27.45 [79]
) Bagasse 600 °C 28.21 [80]
NO™ Al modified poplar chips 550 °C 89.58 81]
Crawfish char 800 °C 70.90 [14]
Chitosan modified Mg
PO+~ impregnated corn straw 400 °C 221.89 [16]
biochar
Al-modified poplar chips 550 °C 57.49 [81]

1.5 Recent shrimp shell-derived biochar for adsorption applications

To date, various thermochemical conversion methods have been developed to produce
and modify shrimp shell biochar. Slow pyrolysis is commonly preferred for shrimp waste
recovery, due to its simpler setup, ease of control, and absence of additional instruments.
Additionally, slow pyrolysis of shrimp shell wastes at higher temperatures (800 °C) and longer
residence times (2 h) provides sufficient energy for more thorough carbonization into biochar.
Biochar produced via slow pyrolysis exhibits a higher Sget (449 m?/g) compared to biochar

from HTC (12.65 m?/g) (see Table 1.3).
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Table 1.3 Thermochemical conversion methods and properties of shrimp shell biochars.

Conversion ) ] )
Operating parameters Biochar properties Ref.
methods
. 2
Slow 800 °C, 5 °C/min, 2 h, N; gas Seer: 594 m'/g
oyrolysis Post-oxidation: Carbon content: [82]
HCI, Room temperature, 24 h 84 wt%
800 °C, 5 °C/min, 2 h, N2 gas
Slow o
_ Post-oxidation: SgeT: 449 m?/g [83]
pyrolysis
HCI, Room temperature, 24 h
800 °C; 5 °C/min; 2 h
5| Pre-oxidation: Carbon content: 10%
ow
_ 2 M NaOH; Room temperature; 24 h  Sger:13 m?/g [84]
pyrolysis _ )
Chemical coating: Vpore: 0.0655 cm?/g
Na2SiOs and MnSQOs; 25 °C; 12 h
180 °C, 12 h

C—H group: 16.77%

Protonated amino

Pre-oxidation:
2.5 M NaOH (90 °C, 4 h);
HTC group: 19% [85]
50% NaOH (130 °C, 4 h)
o Sget: 12.65 m?/g
Post-oxidation:

1.5 M HCI; Room temperature; 1.5 h

However, previous studies on the direct application of shrimp shells have been limited.
Currently, most research has focused on synthesizing chitosan (the deacetylated form of
chitin) from shrimp shells and modifying chitosan-based adsorbents. Chitosan can be readily
available for crosslinking and modification with multivalent metals or clays to enhance its
adsorption properties [86]. For example, a novel KOH deacetylated calcite-chitosan-based
adsorbent (CCM) demonstrated the maximum adsorption capacity (qmax) of 21.56 mg/g for
PO+ removal at 22 °C after 120 min [87]. Besides, chitosan/Ca-organically modified
montmorillonite beads (Cs/Ca-OMMT) achieved a qmax of 76.15 mg/g at 25°C after 120
minutes [88]. Various adsorption pathways have been explored, primarily adsorbing anionic
contaminants through its N functional groups, particularly the —-NHs* groups. The limited
number of studies on the direct use of shrimp shell biochar as an adsorbent, particularly when

produced through pyrolysis, is summarized in Table 1.4.
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Table 1.4 Application of shrimp shell biochars as adsorbent for removal of contaminants from wastewater.

Adsorption
Biochar Experimental Removal
Feedstock Contaminants capacity Ref.
synthesis method conditions mechanism
(mg/g)
' Pyrolvsis and Pyrolysis at 800 °C + L .
Shrimp YTOlysis an . o Pore filling, electrostatic
hemical magnetic modification + N- Cr* 350.4 o _ [89]
shell chemica _ adsorption (ion-pair)
modification doped graphene oxide.
) Pore filling, hydrogen
Shrimp ) Tris(2-chloroethyl) ) )
Pyrolvsi Pyrolysis at 800 °C for 2 h 108 umol/g bond interactions,n-H  [90]
shell yIolysis phosphate (-) ‘ _
Interactions
' Lewis acid-base interaction, m
_ Pyrolysis and ‘ ‘ ‘ _
Shrimp ) Pyrolysis at 350 °C for 2 h + hvl —m interaction, electrostatic
chemical o Methylene 575.0 ‘ ‘ [91]
shell o HCL activation blue (+) interaction, van der Waals, and
modification
pyridinic-N
_ Pyrolysis and _ Electrostatic adsorption
Shrimp ‘ Pyrolysis at 500 °C for 2 h + hvl '
chemical o Methylene 828 between the functional groups  [92]
shell o H3POj4 activation blue (+)
modification (PO4*~, COO, 0")
Shi HTC, Pyrolysis ~ Hydrothermal at 400 °C + Sulfamethazine (=) Physisorption, hydrogen bonds,
rimp
hell and KOH KOH activation + Pyrolysis at 699.3 n-7 interactions, electrostatic ~ [93]
she
activation 700-850 °C Chloramphenicol (=) interactions
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Adsorption
Biochar Experimental Removal
Feedstock Contaminants capacity Ref.
synthesis method conditions mechanism
(mg/g)
Crayfish . Pyrolysis at 300, 500, and 599.7 to Precipitation, ion exchange,
Pyrolysis Pb2* _ _ ' [94]
shell 700 °C for 2 h 1166.4 complexation, C—x interaction
: Pyrolysis and : Trichloroacetic :
Crayfish ] Pyrolysis at 600 °C + ZnCl. Surface adsorption,
chemical 17.8 [95]
shell . ‘ immersion for 24 h d (+ electrostatic attraction
modification acid (+)
Pore filling, Electrostatic
Crayfish _ . ‘ adsorption, precipitation,
Pyrolysis Pyrolysis at 800 °C for 1.5h  Methyl violet (+) 1079 [96]
shell hydrogen bonds, van der Walls
forces and n-m interaction.
_ Pyrolysis and ' Cr** 25.68 . .
Crayfish _ Pyrolysis at 600 °C for 2 h + Surface and intra-particle
chemical . _ o ‘ [97]
shell ) ) FeCl> immersion for 3 h PO+ 3.82 diffusion reactions
modification e
Crawfish _ Pyrolysis at 200, 400, 600, o
Slow pyrolysis PO+ 70.9 Precipitation, ion exchange [98]
waste and 800 °C for 2 h
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Moreover, as shown in Table 1.4, scientific researches on shrimp shell-derived
adsorbents have mainly focused on the removal of heavy metals and cationic pollutants while
a limited number of articles have been published on the removal of anionic pollutants. As
mention in the Section 1.3, shrimp shells are rich in CaCO3. CaCO3 derived from crustacean
waste can remove contaminants through mechanisms such as precipitation, ion exchange, and
electrostatic interactions [17]. CaCOs have been reported to facilitate PO4>~ adsorption [87,
88] via ligand exchange as CaPO4™ [99]. Ca has a higher affinity for PO4*>" adsorption
compared to magnesium (Mg), lanthanum (La), aluminum (Al), and iron (Fe), respectively
[100]. Moreover, the CaCOs3 could be converted into Ca-apatite-based adsorbents provides
two different binding sites, including negatively charged P sites and positively charged Ca
sites, on its surface, which offers a dual function for removing both anionic and cationic
pollutants [101, 102]. Therefore, developing techniques to efficiently eliminate anionic
pollutants would be greatly beneficial because of nutrient execs contaminants in shrimp
aquaculture as mentioned in the Section 1.1.2.

There have been relatively few studies on crayfish (also called crawfish) compared to
shrimp shells. Although both belong to the crustacean family, there are distinct differences in
their chemical compositions that can affect adsorption performance. Specifically, crayfish and
shrimp shells differ in their Ca content and other structural components, which may influence
their effectiveness as adsorbents. The Ca content in these crawfish wastes is relatively lower,
ranging from 7.0% to 41.2%, compared to the 80% found in the shrimp shells used in this
work (See Figure 1.9).

Aka ebi Thiswork o et Crawfish/crayfish
Y .
//.r . /),&
‘ A
; ," Sea water .

Common name: Argentine red shrimp Common name: crayfish, crawdads, freshwater lobsters, and mudbugs

Common name: Shiba shrimp

Japanese name: Aka ebi (77 T &) Scientific name: Palinuridae

Japanese name: Shiba ebi (> <= )

Scientific name: Pleoticus muelleri Habitat: Freshwater, primarily in north America but also in other parts of

Scientific name: Metapenaeus joyneri

Habitat: Cold, deep marine water in the Habitat: muddy bottom in coastal areas the world

southwestern Atlantic ocean of East Asia, including Tokyo Bay

Composite % weight Composite % weight Crmlish ihar (CRC)
PO,*" adsorption
J&ca0 8271 [ Ca 17.0-412 | 700715
Na,0 4.86 PO4*" c 9.40-305 Qax = 70.9 mg/g
SO, 2.83 adsorption N 0.30-6.40
Sio, 268 Q. = 381.24 mglg Na 1.00-2.07 Crayfish shell biochar-
MgO 2.07 P 0.79-1.93 Fe composite (FXB)
K;0 1.85 S 0.44-0.58 PO,*" adsorption
AL, 0.87 K 0.42-1,04 Gx = 3.82 Mglg
Others 214 Mg 0.27-0.64

Figure 1.9 The chemical composition of crayfish/ crawfish and shrimp.
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While shrimp aquaculture wastewater is known to contain mainly anionic pollutants,
especially PO4>", the application of shrimp shell-derived biochar for the removal of such
pollutants has not been fully explored. More challenges still remain in improving the
efficiency of shrimp shell based-adsorbents through the pyrolysis process for the removal of

various types of anionic pollutants.
1.6 Research gap in shrimp shell derived-adsorbent in water pollutant removal

Shrimp aquaculture produces nutrient-rich wastewater and solid waste, posing major
environmental challenges. Utilizing shrimp shell waste to remove water pollutants, particularly
anionic nutrients like PO+* from aquaculture wastewater, offers a sustainable solution,
enabling waste reduction and nutrient recycling. The aquaculture can move towards a circular
and sustainable system.

According to previous studies, shrimp shell-derived biochar produced through the
pyrolysis process has demonstrated significant potential in removing various water pollutants,
as highlighted in Table 1.4. However, the research gaps remain:

1. Research on using shrimp shell biochar as an adsorbent for removing anionic
contaminants through pyrolysis is still limited, and additional studies are required to enhance
its adsorption capacity and gain a deeper understanding of the mechanisms.

2. The use of shrimp shell waste in shrimp aquaculture presents a promising opportunity
to develop a circular system by removing and recovering nutrients, especially PO+*>~. While
shrimp shells have been studied for their potential in nutrient removal, only two studies related
to shrimp shell-derived biochars produced through pyrolysis for PO+*~ adsorption were found,
as shown in Table 2.2. Additional research is needed to evaluate the PO+~ removal and
recovery performance in shrimp pond wastewater, contributing to a sustainable nutrient cycle
in shrimp aquaculture.

Therefore, the main research gap is the limited research on shrimp shell-derived

adsorbents for anion pollutant removal and nutrient recovery, particularly for PO+*".
1.7 Objective of present work

The main objective of this study is to utilize shrimp shell waste for the production of
shrimp shell-derived adsorbents (SSs) through the pyrolysis process, with the goal of removing
anionic pollutants from shrimp aquaculture. In addition, the study aims to recover PO+*" to

promote a circular system within shrimp aquaculture. To achieve this main objective, several
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studies were carried out in the following way:

1. Fabrication and Characterization of shrimp shell-derived adsorbents: Shrimp shell
waste was converted into SSs via the pyrolysis process at temperatures of 700°C and 800°C. A
comparative analysis was also conducted with adsorbents produced through pyrolysis followed
by alkali activation using (potassium hydroxide (KOH) and calcium hydroxide (CaOH>)). The
resulting adsorbents were characterized to assess their physical and chemical properties.

2. Removal and recovery of phosphate: The obtained SSs were studied for their
performance as adsorbents in removing PO+*~ from synthesized water, as a representative of
real shrimp pond wastewater. Adsorption kinetics, isotherms, and thermodynamics were
investigated to understand the adsorption process. The mechanism of adsorption was also
examined. Finally, the PO+*" recovery ratio was calculated based on the obtained experimental
data using the case study data from the southern part of Thailand.

3. Removal of Methyl orange: The obtained SSs were studied for their performance as
adsorbents in removing Methyl Orange (MO), a model anionic pollutant from shrimp pond
wastewater. Adsorption kinetics, isotherms, and thermodynamics were investigated to

understand the adsorption process. The adsorption mechanism was also examined.
1.8 Thesis structure

This thesis consists of 5 chapters. Relationship between each chapter was illustrated in

Figure 1.10. The details of each chapter are as follows:

(0 Background
ackgroun
Chapter 1 Introduction S Shrimp shell waste =~ ==eeee O Previous studies
\EI Objective and structure of thesis
Fabrication and Shrimp-shell adsorbent (SSs) - 'EI Pyrolys!s only -
Chapter 2 characterization of the 4 lEI Pyrolysis + alkali activation
Sh"mr‘rhe:'d:"ved i Characteristic and properties ; ........ (Q BET, SEM-EDX, DLS, XRD, FTIR,
adsorben E * | andXPS
{ . ; ] ("
i Adsorption test with Phosphate |........[ QAdsorption kinetic, isotherm
Chapter 3 Phosphate removal and ' thermodynamics studies
recovery I‘ Phosphate recovery ratio in : D Adsorption mechanisms
i wastewater from shrimp pond ~
Chapter 4 Removal of methyl orange ! Adsorption test with buww] OAdsorption  kinetic, isotherm
dye and its mechanism ! Methyl orange ) thermodynamics studies
U Adsorption mechanisms
. { Overall summary and
Chapter 5 Conclusions i P OnCIEio

Figure 1.10 The thesis’s content and its relationship
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Chapter 1: Introduction

In this chapter, the background of this research was described. Firstly, the importance of
shrimp cultivation and the processing of shrimp shell was present, highlighting the issues
associated with the generation of shrimp shell waste and shrimp pond wastewater. Recent
applications of shrimp shell waste, especially for wastewater treatment was stated. Additionally,
current developments in shrimp shell waste utilization, including pyrolysis-based adsorbents,
were emphasized in this study. Finally, the objectives and structure of this thesis were clarified

in detail.
Chapter 2: Fabrication and characterization of the shrimp shell-derived adsorbent

In this chapter, the fabrication of the shrimp shell derived-adsorbent was explained. The
shrimp shell derived-adsorbent was called SSs. The SSs was fabricated using different
pyrolysis temperatures (700 °C and 800°C) and alkali activation (KOH and CaOH>), labeled
SSsN (pyrolysis only at 700 °C), SSsH (pyrolysis only at 800 °C), SSsCA (CaOH; activation
+ pyrolysis at 700 °C), and SSsK (KOH activation + pyrolysis at 700 °C), respectively. Each
SSs was investigated for morphological, physical, and chemical properties. The properties
regarding their different fabrication and composition were discussed. Results indicated that
the modified shrimp shell developed a rougher and more porous surface compared to the raw
shrimp shell, and SSsH had the highest specific surface area (Sget) and total pore volume
(Vpore). Calcium oxide (CaO) is the main component in the raw shrimp shell sample,
suggesting calcium-rich material. Calcium carbonate (CaCO3), Ca(OH),, hydroxylellestadite
(HDL; (Cai10(Si104)3(S04)3(OH, F, Cl)2), potassium sodium calcium chloride carbonate
hydrate (KSC: KgNaCay(CO3)sCI(H20)6) were observed the SSs samples. The formation of

new chemical structures offered potential for anionic pollutant adsorption.

Chapter 3: Phosphate Removal and Recovery

This chapter aims to examine the performance of SSs in removing PO4*~ from aqueous
solutions. All SSs are capable to absorb PO4*, with SSSCA exhibited demonstrating the best
performance for PO4> removal. Adsorption Kinetics, isotherms, and thermodynamics indicated
that the process involved endothermic chemical adsorption. The removal mechanism revealed
that PO+*" removal primarily occurs via chemical precipitation with Ca?", facilitating its
recovery as various calcium-phosphate (Ca-P) groups. Ca?" originates from HDL, CaCOs, and

Ca(OH).. Finally, the PO4* recovery ratio was calculated through a case study utilizing from
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a shrimp pond in the southern Thailand, resulting in a recovery ratio of 69.54%. This chapter
provided an alternative for handling shrimp shell waste and suggested a promising approach

for PO+ recovery, thereby contributing to a circular system in shrimp aquaculture.
Chapter 4: Removal of methyl orange dye and its mechanism

This chapter aims to examine the performance of SSs in removing MO dye as a model
anionic pollutant from aqueous solutions. The removal performance was investigated under the
effect of contact time and initial concentration. Adsorption Kinetics, isotherms, and
thermodynamics indicated that the process involved endothermic, and primarily controlled by
chemisorption, along with physisorption. This study also found excellent MO adsorption onto
SSs, in particular SSsCA and SSsN. Moreover, the presence of HDL enabled SSs to
demonstrate a large adsorption capacity by releasing Ca?* and expose silanol-like surface
properties for adsorbing anionic MO. Significant results showed that the initial MO
concentration influenced the adsorption performance and mechanisms of SSs, which involved
both reversible and irreversible adsorption processes. The adsorption was reversible at low MO
concentration (< 100 mg/L). In contrast, it became irreversible at high concentration (>100
mg/L). These MO polymers interacted with SSs through both Si-N linkages and SOs—Ca?*
complexes. This chapter highlighted the significance of initial pollutant concentration
dependency and evaluated the potential of utilizing SSs for the removal of other anionic

pollutants from shrimp aquaculture wastewater.

Chapter 5: Conclusions and recommendations
The important findings from each chapter are summarized in this chapter. In addition,

this chapter provided implementation of this research and recommendations for future work.
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Chapter 2

Fabrication and characterization of the shrimp shell derived-adsorbent

2.1 Background

The main goal of this thesis is to efficiently employ shrimp shell-derived adsorbents
(SSs) for the removal of anionic pollutants from shrimp pond wastewater. The raw shrimp shell
waste was transformed into biochar adsorbents to address the serious issue of overcoming large
amounts of shrimp shell waste and nutrient rich-wastewater produced by shrimp farming.
Transforming shrimp shells into adsorbents offers a sustainable waste management solution
and fosters a circular system in shrimp aquaculture.

The conversion of shrimp shell waste into adsorbents through pyrolysis significantly
enhances the specific surface area, porosity, and abundance of oxygen-containing functional
groups, enabling effective adsorption of a wide range of pollutants [103, 104]. Shrimp shell
waste, rich in CaCOs, processes through pyrolysis at high temperatures to transform CaCOs
into a more active form including CaO and Ca-apatite. Calcium (Ca) plays a crucial role in
anionic pollutant adsorption, especially phosphate (PO4*)[100]. Raising the temperature
facilitates the release of active Ca?* [105], and incorporating calcium hydroxide (Ca(OH).)
further enhances Ca?" availability. Potassium hydroxide (KOH) activation improves surface
properties, as demonstrated in previous studies [106, 107]. Interestingly, this study also found
the formation of hydroxylellestadite (HDL), which belongs to the apatite family. HDL has
unembedded calcium silicate hydrate (CSH), facilitating the release of release Ca?* and the
exposure of silanol-like surface in the pH range of 2-11, which is crucial for the adsorption of
anionic pollutants [108, 109] [110].

In this chapter, shrimp shell derived adsorbent (SSs) were fabricated through a pyrolysis
process. Alkali modifications using potassium hydroxide (KOH) and calcium hydroxide
(CaOHy) were tested and compared with non-alkali-activated pyrolysis samples. This study
examined the influence of activation temperature and alkali activator type on the characteristics
of SSs. The synthesized samples were characterized to assess their physicochemical properties,
offering insights into the impact of synthesis conditions on the structure and effectiveness of

SSs for prospective adsorption applications.
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2.2 Fabrication of the shrimp shell-derived adsorbent
2.2.1  Materials

v World Co., Ltd., Japan. Methyl orange (MO) dye, potassium hydroxide (KOH),
and calcium hydroxide (Ca(OH)2) used in this study were purchased from Wako Pure Chemical
Industries, Ltd., Japan. Deionized water (DI) was purified by a Mili-Q Advantage system 119
(Millipore, Billerica).

The chemical composition of the raw shrimp shell was investigated by X-ray
fluorescence spectrometer (XRF; S2Langer, Bruker AXS) and shown in Table 2.1. The table

shows that the raw sample contain 82.7% of calcium (Ca), indicating ca-rich material.

Table 2.1 Chemical composition of raw shrimp shell by XRF analysis.

Composite CaO  NaO SO3 Si02 MgO K:O  ALOs  Others
% composition  §82.7 4.86 2.83 2.68 2.07 1.85 0.87 2.14

221 Fabrication method

Two modification methods were used: pyrolysis of shrimp shell alone and pyrolysis of
shrimp shell with alkali activation (KOH and Ca(OH)>). For the pyrolysis alone, the raw shrimp
shell powder was pyrolyzed at 700 and 800 °C for 1 h at a heating rate of 15 °C/min. The
reactor was purged with nitrogen gas (N2) for 15 minutes to ensure the absence of oxygen
before pyrolysis. This chapter also compared the effects of pyrolysis at different temperatures
from 400°C to 700°C, with preliminary methyl orange (MO) adsorption tests. Pyrolysis at
700°C showed significant improvement over 600°C, as detailed in Appendix A.1. Therefore,
this chapter focused on temperatures starting from 700°C.

The alkali activation of shrimp shell with KOH or Ca(OH). was also conducted. The
alkali activation with pyrolysis helps enhance surface properties such as surface area and
aromatic functional groups [106, 107]. KOH or Ca(OH)2 solutions with 5 w/v% concentration
were mixed with shrimp shells at a mass ratio of 0.5:1 and then heated at 150 °C for 2 h. The
dense suspension was also pyrolyzed under the same conditions as mentioned above. The
obtained solid products were ground to pass through a 100-mesh (150 pum) and finally named
as Shrimp shell-derived adsorbent: SSs, including SSsN (pyrolysis only at 700 °C), SSsH
(pyrolysis only at 800 °C), SSSCA (Ca(OH): activation and pyrolysis at 700 °C), and SSsK
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(KOH activation and pyrolysis at 800 °C). The appearance of all sample was exhibited in
Figure 2.1.

Noted that the alkali activation ratio used in this experiment was adapted from the
methodologies described by Pap et at. [111], which were employed in the preparation of
adsorbent biochar from mussel and oyster shells, demonstrating high efficiency for PO4*~ as

discussed prior the experiment.

2.3 Characterization of physical and chemical properties

2.3.1  Surface morphology and porosity

Each SSs was pulverized and examined for their porosity using scanning electron
microscopy (SEM; JSM-6610LA, Japan). SEM magnification of x1000 with an acceleration
voltage of 15 kV was selected to observe each sample. The samples were initially coated with
platinum (Pt) for 1 min before high-resolution imaging. The elemental distribution on the
surface of SSs was measured by LYRA 3 Dual Beam (Tescan) equipped energy dispersive X-
ray spectrometry (EDS, Oxford Instruments). The zeta potential was evaluated by dynamic
light scattering (DLS) (Horiba sz-100, Japan). The samples were dispersed in DI water and
measured within a pH range of 2-10. The duration time was set to 30 s and the number of scans
was set to 3. The specific surface area (Sget) and total pore volume (Vpore) Were determined by
the BET method using N2 adsorption (BET; Belsorp-mini Il, MicrotracBEL, Japan). The
samples were pretreated at 150 °C for 6 h before measurement.

As shown in Figure 2.1, the morphological surface texture of the raw shrimp shell was
flat and no porosity, while the pyrolyzed shrimp shells (with or without Ca(OH) activation)
showed rougher surfaces (see Figure 2.1a). As the pyrolysis temperature increased to 800 °C,
the surface of SSsH exhibited more cracks compared to SSsN (pyrolysis at 700 °C) (see Figure
2.1c). Meanwhile, more small protrusions were observed on the surface of SSSCA and SSsK
(see Fig. Figure 2.1d and e). The EDS results show that the elemental distribution of Ca is
consistent throughout the surface, regardless of the modification method used (See Figure 2.2)

The surface area and pore structure of the SSs were studied via nitrogen adsorption-
desorption isotherm, classified as a mesoporous adsorbent (type IV in the IUPAC
classification) (see Fig. 2.3). As listed in Table 2.1, the Sger and Vpore Of SSs increased
significantly compared to the raw shrimp shell. The Sger of SSsN, SSsH, SSsCA, and SSsK
are 38.23, 96.69, 17.21, and 15.54 m?/g, respectively. The Vpore followed a similar trend to

those of Sget. This increase results from devolatilization and gas release during pyrolysis [112].
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SSsH had the highest Sget and Vpore due to the decomposition of CaCOs into CaO and CO>
during the pyrolysis process at 800 °C [105] (see Fig. 2.1c). The generation and liberating of
CO2 can develop the surface area and porous structure of the SSsH [62, 113]. In contrast, the
Seet of SSSCA decreased slightly due to pore coverage and blockage by loaded Ca?* [114,
115], consistent with SEM images showing small particles on the SSsCA surface (see Fig.
2.1d). Similarly, KOH activation (SSsK) also destroyed porosity structure and adsorption
sites [116](see Fig. le). Interestingly, a significant reduction of the total pore volume was
observed for SSsK (0.032 cm?/g) (See Table 2.2). The influence of KOH activation on pore
structure, especially at high temperatures, has been thoroughly investigated. Though previous
studies demonstrate that KOH activation can substantially enhance the development of pores
in carbon materials, excessive amount may result in structural deformation and pore collapse
[117]. KOH activation, exhibited a greater impact on pore collapse and tightening up the pore
structure, compared to Ca(OH). [118]. It was suggested that the pore formation and structural
deformation phenomena were due to ionic valency. Monovalent ions like K* are smaller than
divalent ions like Ca**, and carries a lowered charge, which allows them to move more freely
and distribute more throughout the material. They can therefore tighten and collapse the

structure with greater effect than Ca>".

Raw shrimp
shell
SSsN
()
- " -
SSsH

Figure 2.1. Appearance and SEM images of SSs (a) Raw shrimp shell, (b) SSsN (pyrolysis
only at 700 °C), (c¢) SSsH (pyrolysis only at 800 °C), (d) SSsCA (Ca(OH); activation and
pyrolysis at 700 °C), and (e) SSsK (KOH activation and pyrolysis at 800 °C).
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Figure 2.2 EDS mapping of the SSs under different modification methods. (a) SSsN, (b) SSsH,

(c) SSsCA, and (d) SSsK.
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Figure 2.3 N> adsorption—desorption isotherms (BET) diagram for SSs at different
modification methods: (a) Raw shrimp shells; (b) SSsN; (¢) SSsH; (d)
SSsCA, and (e) SSsK.

Table 2.2 Specific surface area, external surface area, and total pore volume of the raw shrimp

shell and SSs.

External surface

2 3
Sample SsET (M*/Q) area (m?/g) Vpore (cm>/g)
Raw shrimp shell 3.762 - -
SSsN 38.23 17.62 0.091
SSsH 96.69 64.47 0.181
SSsCA 17.21 13.29 0.098
SSsK 15.54 6.45 0.032

The point of zero charge (Pzc) for all SSs was pH 2.5-3, indicating a negatively
charged surface when the solution pH exceeded at pH > 3 (see Fig. 2.4). Since the pH of the
solution in this study was 8 in PO4>~ adsorption experiment and 9 in MO adsorption
experiment. Therefore, both the SSs surface and these pollutants carry negative charges,

causing electrostatic repulsion that hinders adsorption.
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Figure 2.4 Zeta potential of SSs with different modification conditions.

2.3.2  Surface chemistry

The crystalline phases were analyzed by X-ray diffraction (XRD; Rigaku XRD-Ultima
IV, Japan) at 40 kV and 40 mA equipped with Cu Ka radiation. The data was collected from 5
to 70° (20) at a scan rate of 0.01°. The functional groups on the surface were characterized by
Fourier Transform Infrared Spectroscopy (FTIR; 4600, JASCO, Japan) at a spectral resolution
of 4 cm™ and 32 scans within the scanning region (4000400 cm™). The chemical structures
were analyzed by X-ray photoelectron spectroscopy (XPS) using two different sources: the
ULVAC-PHI Model 5500 (Japan) and the Ulvac PHI Quantera SXM (Japan), both equipped
with a monoenergetic Al Ka source (1487 eV). The binding energy scale of the spectra was
referenced to the C 1s peak at 284.60 eV. The chemical structures were also analyzed by X-
ray photoelectron spectroscopy (XPS; Model-5500, Ulvac-PHI, Inc., Japan) with a
monoenergetic Al Ko source (1487 eV) operating at 25 W. High-resolution spectra were
recorded at 46.95 eV pass energy. The binding energy scale of the spectra was referenced to
the C 1s peak at 284.60 eV.

The XRD patterns of raw and modified shrimp shells are indicated in Figure 2.5. Raw
shrimp shell consisted mainly of CaCOs3 peak. In the pyrolyzed shrimp shells at 700°C (with
or without Ca(OH); activation), peaks for CaCO3 and HDL (Caio(Si04)3(SO4)3(OH, F, Cl),)
were identified. Whereas, these CaCOj3 peaks disappeared in the SSsH, attributing to the
decomposition of CaCOs3 into CaO and CO> at 800 °C [119, 120]. The generated CaO might
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be converted into Ca(OH)2 because of the reaction between CaO and nascent water molecules
during pyrolysis [120]. Therefore, the new peaks belonging to Ca(OH), appeared, together
with HDL. HDL, a member of the apatite group forming at 700 °C [121], can be observed in
SSsN, SSsH and SSsCA, except for SSsK. In contrat SSsK showed strong peaks of potassium
sodium calcium chloride carbonate hydrate (KSC: K¢NaCax(CO3)sCI(H20)s) instead of HDL

(see Figure 2.5).
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Figure 2.5 XRD pattern of SSs with different modification conditions.

The FTIR results confirmed the XRD findings (see Figure 2.6). The functional groups
of SSs were significantly changed after the pyrolysis. The pyrolysis caused the organic
volatilization, resulting in the disappearance of stretching vibrations of OH at 3300-3500 cm’!
[122], C-H, CH>, and CH3 at 2960-2880 cm™! regions [123], and C=0 (amide-I) at 1631 cm!
and 1531 cm™! in -NH2 (amide II) [124]. After pyrolysis, all SSs (SSsN, SSsH, and SSsCA)
showed the characteristic bands of the single-layered silicate structure belonging to HDL. The
intense bands at 1085 and 1033 cm™! were corresponded to Si—O from SiOs tetrahedra [125,
126], and the bands at 875 cm™ and 713 cm™! indicated the bridging oxygen stretching
vibration (Si—O-Si) [127, 128]. The low-frequency bending band of O-P-O at 603 and 570
cm’! was consistent with the previous studies, which reported O-P-O bands in the apatite-
ellestadite sites [129, 130]. While the presence of CaCO3 was detected in SSsN, SSsCA, and
SSsK at the intense peak of 1400 cm™ ' (CO3?) [122, 131], the broad CO3? peak collapsed

(lower peak intensity) in SSsH, and a new sharp peak at 3643 cm™' appeared, indicating
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Ca(OH), formation [132, 133]. Moreover, the low-frequency bands at 873 cm ™! and 855 cm™!
also represented CO3% of CaCOs, but with lower intensities [134].
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Figure 2.6 FT-IR spectra of SSs with different modification conditions.

XPS scan spectrums of raw shrimp shells and all SSs are presented in Figure 2.7. The
XPS spectra of Ca 2p from raw and modified shrimp shells showed peaks at 346.60, 346.81,
and 350.37 eV for Ca-O in CaCOj3 in samples pyrolyzed at 700 °C (SSsN and SSsCA) (see
Figure 2.7a) [135, 136]. The binding energy of 350.20 eV also indicated Ca" in dicalcium
phosphate dihydrate (CaHPO4:2H>0) of HDL [137]. Similarly, the XPS spectra of O s
contain two separated peaks at 531.06 and 531.70 eV, suggesting PO4>" in the apatite group
(that might be HDL in this work) and oxygen in CO3*[138, 139], respectively (see Figure
2.7b). These peaks did not show significant changes between SSs treated with and without
Ca(OH)2 (SSsN and SSsCA). Interestingly, in SSsCA, the peak of C 1s at 284.38 eV
representing aromatic C-C/C=C bonds appeared, which is beneficial for PO4>~ adsorption (see
Figure 2.7¢). On the contrary, in SSsH, the major peaks of Ca 2p at 346.94 eV and 350.44 eV
corresponded to Ca-O bond with oxygen in OH™ group [140] (see Figure 2.7a). The peaks of
O 1s at 531.20 eV were also assigned to the surface adsorbed oxygen species (Oads), relating
to Ca-OH from chemisorbed water [105] (see Figure 2.7b). Besides, only SSsK showed the
peaks of K 2p3/2 and K 2p1/2 at 292.86 and 295.93 eV, indicating the presence of potassium
carbonate (K>CO3) and oxide (K2O), respectively [141] (See Figure 2.7d). It is noted that the
SSsK in Figure 2.7d cannot be included in the same graph as other SSs samples (Figure 2.7¢)

due to differences in the XPS series equipment used for analysis.
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Figure 2.7 XPS spectra of SSs with different modification conditions (a) Ca 2p, (b) O Is, (c)
C Is, and (d) C 1s. Note: Figure 2.7a-c were analyzed using XPS Model: 5500 Ulvac-PHI,
and Figure 2.7d was further analyzed using Model: Ulvac PHI Quantera SXM.
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2.4 Chapter summary

This chapter describes the successful fabrication of a shrimp shell-derived adsorbent
(SSs) from shrimp shell waste via a pyrolysis process and alkali activation using calcium
hydroxide (Ca(OH)2) and potassium hydroxide (KOH). Four different formulations
were formed through varying the temperature and types of alkali activators, named as SSsN
(pyrolysis only at 700 °C), SSsH (pyrolysis only at 800 °C), SSsCA (Ca(OH): + pyrolysis at
700 °C), and SSsK (KOH + pyrolysis at 700 °C). All SS samples exhibited noticeable
enhancements in both physical and chemical properties. All SS samples demonstrated
increased surface area (Sget) and pore volume (Vpore). Increasing the pyrolysis temperature
from 700 °C to 800 °C led to a more significant improvement in Sger and Vpore than the
modification of the type of alkali activator applied. All SSs samples demonstrated a point of
zero charge (PZC) ranging from 2.5 to 3. This resulted in a negatively charged surface of SSs
during phosphate (PO4*") and methyl orange (MO) adsorption, as discussed in the next chapter,
which might hinder their adsorption efficiency. As part of chemical property, the formation of
hydroxylellestadite (HDL), CaCOs, Ca(OH)., and potassium sodium calcium chloride
carbonate hydrate (KSC) was observed following modification, highlighting a significant
change in chemical property. The pyrolyzed samples at 700°C (SSsN and SSsCA) exhibited
HDL and CaCOs, whereas the sample activated with KOH (SSsK) demonstrated KSC
formation instead of HDL. Furthermore, increasing the temperature to 800°C (SSsH) resulted
in the transformation of CaCQOs into Ca(OH).. The formation was validated through XRD,
FTIR, and XPS analyses. The formation of these Ca-based elements may influence the potential

adsorption of PO4* and MO, as examined in the next chapter.
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Chapter 3 Phosphate Removal and Recovery

3.1 Background

The expansion of shrimp aquaculture due to increasing global demand has led to nutrient-
rich wastewater and solid waste challenges. This chapter utilized the shrimp shell-derived
adsorbent (SSs), produced in the Chapter 2, to remove phosphate (PO4>") from aqueous
solutions. The focus on the removal and recovery of PO+~ is due to its greater eutrophication
risk compared to nitrogen (N) in ecosystems, as well as its status as a limited resource estimated
to be exhausted within the next 100 years [142].

From the previous chapter, the SSs are identified as calcium-rich materials. Calcium (Ca)
demonstrates a higher affinity for PO4* adsorption compared to other elements such as
magnesium (Mg), lanthanum (La), aluminum (Al), and iron (Fe), respectively [100]. Moreover,
PO4>~ preferentially adsorbs to CaCOs via ligand exchange as CaPO4~ [99]. Therefore, this
chapter examined the adsorption behavior of SSs in the removal of PO4*~ from aqueous
solutions. Adsorption studies and modeling were performed to assess the PO4>~ adsorption
efficiency and clarify potential mechanisms on SSs. Additionally, the PO4> recovery ratio was
calculated using real shrimp pond wastewater data, highlighting the potential of SSs

for environmental PO4* recovery.
3.2 Phosphate adsorption experiment

To enhance the availability of Ca, SSs prepared through pyrolysis at 700 °C (SSsN) and
800 °C (SSsH), as well as calcium hydroxide (Ca(OH):)-activated SSs (SSSCA), were selected
for testing with PO4*".

Dipotassium hydrogen phosphate (K2HPO4; 99%, Wako Pure Chemical Industries, Ltd.,
Japan) was used to prepare synthetic PO4>~ wastewater. SSs were added to the solution at the
adsorbent (SSs) to solution ratio (w/v) of 500 mg/L. The pH of the PO4*" solution was around
8, indicating the basicity of the PO4>~ solution. The mixtures were kept stirring at 400 rpm at
room temperature (20 °C) until adsorption equilibrium was reached. The residual concentration
of POs* was measured by molybdenum blue method with ascorbic acid using a UV-VIS
spectrophotometer (UV-VIS; UV-2550, Shimadzu, Japan) at a maximum wavelength of 830
nm [143]. PO4*" adsorption capacity(q:) of SSs was determined from the following Equation
3.1
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_ (Cy-Cp)
=——v
t m

where Co and C: represent the initial and the residual PO4>~ concentration (mg/L), respectively,

3.1)

V is the volume of the solution (L), and m represents the weight of the adsorbent (g).

3.3 Phosphate removal performance

3.3.1  Comparison of adsorption performances

The adsorption performances of each SSs were compared based on the PO4>~ adsorption
capacity (qe) at a concentration of 300 mg/L. The contact time was varied from 0 min to 48 h

(2,880 min) as illustrated in Figure 3.1a, 3.1b, and Table 3.1.
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Figure 3.1 Adsorption data of PO4>~ onto SSs (a) Comparison of qe, and (b) Influence of

contact time on PO4>~ removal by each SSs.

Figure 3.1 illustrates that all SSs started the adsorption of PO4*~ ions immediately after
initial contact. The adsorption rate was remarkably rapid during the first 2 h and progressively
slowed until equilibrium was attained. This result may be ascribed to the abundant adsorption
sites of the SSs for capturing PO4*~ ions in the solution during the initial contact. As time
progressed, the number of unoccupied active sites reduced leading to a reduced adsorption rate.
As illustrated in Figure 3.1a, SSSCA, SSsN, and SSsH approached equilibrium after 12 h (720
min) of contact time in PO4*>~ solution. As shown in Figure 3.1b, the ge of raw shrimp shell
performed poorly was very low (13.04 mg/g) due to the lack of active metal component. After
modification, all SSs exhibited a high adsorption capacity for PO3~, indicating that the
prepared SSs samples are suitable for the adsorption of PO4*". Notably, SSSCA exhibited the
highest adsorption capacities. The ge of SSsN, SSsH and SSsCA were 121.10, 179.18 and
268.70 mg/g, respectively. The XRD, FTIR and XPS analyses confirmed PO4>~ adsorption onto
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all SSs, with the phosphate present in various forms, including calcium apatite (Ca-apatite),
monocalcium phosphate (Ca(H:2POs)2), and dicalcium phosphate (CaHPOs), as shown in
Figure 2.5.-2.7.

Table 3.1 Experimental data and standard errors of PO4* (300 mg/L) adsorption capacity for

each SSs as a function of time.

PO43~adsorbed onto each SSs in solution, gt (mg/g)

Time SSsN SSsH SSsCA

(min) qt Standard Qt Standard Qt Standard
(mg/g)  deviation (mgl/g) deviation (mgl/g) deviation

0 0 0 0.00 0.00 0.00 0.00
15 45.04 8.04 62.42 9.91 99.70 0.63
30 54.07 7.54 85.77 1.53 177.32 11.77
60 69.04 9.51 120.80 6.99 219.75 1.61
90 77.64 6.02 123.50 3.18 229.30 0.43
120 86.02 2.83 129.33 2.54 236.00 3.86
180 90.03 4.3 135.17 5.72 240.67 1.84
240 93.87 3.71 153.13 6.99 254.09 3.37
360 105.99 8.29 172.00 10.72 266.06 4.93
720 121.68 2.86 179.18 15.79 268.70 3.48
1440 136.7 7.45 194.90 6.34 282.12 1.73
2880 141.98 6.31 195.80 13.21 291.88 8.65

3.3.2  Adsorption kinetics

To analyze the kinetic mechanism of adsorption process, the experimental data was
fitted with the pseudo-first order (PFO), pseudo-second order (PSO), and Elovich models at
an initial PO4>~ concentration of 300 mg/L. The PFO model illustrates the mechanism of
adsorption, indicating that the rate at which sites become occupied is directly related to the
number of unoccupied sites (physisorption), while the PSO model suggests the rate-limiting
step (chemisorption) [144]. Furthermore, the Elovich model describe chemisorption on

heterogeneous active sites [145]. To further elaborate the diffusion mechanism, the adsorption
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kinetic data was also analyzed using the intraparticle diffusion model. The equations for

adsorption kinetic models are described in Table 3.2.

Table 3.2 Adsorption kinetic models [146, 147].

Equation Non-linear form Parameter

Pseudo-first o .
q qt = qe(1— e_klt) ki: the pseudo-first order kinetic rate constant (min~ ')
order

Pseudo- q2k,t ka: the pseudo-second order kinetic rate constant

sccond order ¥ 1+ qekot  (g/mg.min)

a: the adsorption rate (mg/g.min
Elovich qer = ZIn (1 + aft) P (mgfg.min)
A B: the desorption constant (g/mg)

Intraparticle ki: the intraparticle diffusion rate constant (mg/g. min)
diffusion qe = kit% +C C: the intercept, which provides insight into the
model boundary layer effect (mg/g)

The adsorption experimental data fitted better with the PSO model with a higher
regression coefficient range (r> = 0.945-0.988) than the PFO model (r? = 0.855-0.964) and the
Elovich model (r? = 0.904-0.939) (see Table 3.3 and Figure 3.2). The PSO model suggests
that the chemisorption is the primary adsorption mechanism. The PSO model suggests that the
chemisorption is the primary adsorption mechanism. Similar findings for PO4*~ adsorption onto
crawfish char suggested the possible mechanisms involving surface adsorption, precipitation,
exchange of cations, and complexation processes [148, 149]. The PSO model suggests that the
chemisorption is the primary adsorption mechanism.

Meanwhile, the intraparticle diffusion model showed a high linear dependency on the
square root of time (r2 > 0.90), implying that intraparticle diffusion was also involved in this
adsorption. The line did not pass through the origin with high intercept value (C > 0) (see Fig.
3b), indicating that the adsorption was governed by multiple processes [150]. The intraparticle
diffusion of PO4>~ within all SSs occurred in three stages. The first stage (external diffusion) is
a steep slope (high ki1 values), reflecting a fast adsorption rate due to available active sites.
Subsequently, the diffusion rates decreased (Kiz < Ki1) in the second stage (intraparticle
diffusion) (See Table 3.3 and Figure 3.2). The external surface-active sites were occupied by

PO4+*", which began to diffuse into the pores. In the third stage (saturation), the slope is close
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to 0, indicating the adsorption equilibrium. These findings are in agreement with the results on

PO4*" adsorption onto other biochars [151].

Table 3.3 Adsorption kinetic parameters for SSs at 20 °C.

Adsorption SSs samples

parameters SSsN SSsH SSsCA
Qe, €Xp (Mg/g) 121.10 179.18 268.70
PFO
ki (min™) 0.012 0.016 0.032
e, cal (mg/g) 120.61 173.31 262.46
r? 0.855 0.899 0.964
PSO
k2 (g/mg.min) 1.29x10* 1.25x10% 1.62x10%
e, cal (mg/g) 132.51 189.50 283.17
r? 0.945 0.971 0.988
Elovich
a (mg/g.min) 0.050 0.038 0.033
Ke (9/mg) 10.527 28.667 315.85
r? 0.936 0.939 0.904

Intraparticle diffusion

First step

kiz (mg/g.min®%) 10.197 15.744 31.149
C (mg/g) 1.256 0.327 0.410
r? 0.991 0.999 0.987
Second step

ki2 (mg/g.min®%) 3.053 4.681 4.033
C (mg/g) 48.392 79.645 189.85
r? 0.981 0.976 0.993
Third step

kis (mg/g.min®%) 0.723 0.582 0.848

C (mg/g) 104.67 166.98 247.44
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Figure 3.2 Adsorption of PO4>~ by using SSs with different modification (a) Adsorption

kinetic, and (b) Intraparticle diffusion model.

3.3.3 Adsorption isotherm

Adsorption isotherm is the equilibrium relationship between adsorbent and adsorbate.
The isotherm study provides crucial information on the maximum adsorption capacity and
adsorption characteristics [152]. In this work, the obtained adsorption data were fitted with
Langmuir, and Freundlich isotherms by varying the initial PO4>~ concentrations (20, 50, 100,
200, 300, 400, and 500 mg/L). The Langmuir model assumes monolayer adsorption occurring
on the specific homogeneous site, while the Freundlich model considers multilayer

adsorption. The non-linear isotherm equations are shown in Table 3.4.

Table 3.4 Adsorption isotherms models [146, 147].

Equation Non-linear form Parameter
k.C
Langmuir e = dmax*1>e ki: the Langmuir constant (L/mg)
1+ k.Ce

kr: the Freundlich constant (mg/g)(L/
Freundlich Qe = kg CY/" mg)*'")

e

n: the adsorption intensity constant

The Langmuir and Freundlich isotherm models were also used to fit the adsorption

equilibrium data (see Figure 3.3). The adsorption isotherm and calculated parameters of all
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SSs are shown in Table 3.5 and Figure 3.3. The adsorption capacity increased with the initial
PO4* concentration. The experimental data fitted better with the Langmuir model (> = 0.947-
0.992) than the Freundlich model (r? = 0.911-0.979), indicating monolayer adsorption. Among
the three SSs, SSsN had the lowest maximum adsorption capacity (qmax) (162.04 mg/g). Since
the XRD, FTIR, and XPS results indicated the formation of calcium-phosphate (Ca-P) groups.
The adsorption of PO4*~ onto SSs was influenced by surface precipitation via the released Ca®*
on the surface from hydroxylellestadite (HDL), calcium hydroxide (Ca(OH).), and calcium
carbonate (Ca(CO)s), along with ligand exchange between COs% in CaCOs; and PO4>~ (as
shown in 2.4.-2.6). The adsorption mechanism would be further discussed in the section 3.5.
On the other hand, increasing the pyrolysis temperature to 800 °C (SSsH) resulted in a higher
Qmax (229.43 mg/g). The heat treatment at 800 °C is conducive to increasing the Sget (96.692
m2/g) and Vpore (0.182 cm?3/g), improving the adsorption capacity of SSsH for PO4*~ removal
(see Table 2.1).

Table 3.5 Adsorption kinetic isotherm parameters for SSs at 20 °C.

Adsorption SSs samples

parameters SSsN SSsH SSsCA

Langmuir isotherm

ke (L/mg) 0.015 0.012 0.012
Gmax (MY/Q) 162.04 229.43 381.24
2 0.992 0.947 0.979

Freundlich isotherm

ke (mg/g)(L/mg):™) 15.06 24.73 21.00
n 0.379 0.346 0.469
2 0.979 0.925 0.911

Furthermore, XRD analysis indicated Ca(OH)2 in SSsH, which has higher reactivity and
ability to produce free Ca?" and CaOH" for favoring calcium phosphate (Ca-P) precipitation
than CaCO3 [105, 140]. However, the addition of Ca(OH)2 provided a much higher ability to
adsorb PO4*, with the highest qmax 0f 381.24 mg/g, than pyrolysis activation alone (SSsN and
SSsH) (see Table 3.5). It can be speculated that the C=C aromatic bonds in SSsCA should also

participate in PO4>~ adsorption as indicated by its decreased peak intensity in XPS spectrum
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(see Fig. 2c). Owing to its surface containing © electron-rich groups (such as C=C), SSsCA
could provide electrons to interact with PO4*~, promoting the adsorption [115].

Notably, the adsorption capacity of POs*~ onto SSs exhibited prominent adsorption
performance compared to other modified crustacean biochar reported in literature (see Table
3.6). In particular, the adsorption of PO+* on the shrimp shell-derived biochar (SSs) in this
study is strongly influenced by its calcium (Ca) content. Although previous studies used
adsorbents made from freshwater shrimp species, such as crawfish or crayfish, these freshwater
species generally have a lower calcium content, ranging from 17.0-41.2%, as shown by XRF
analysis (see Figure 1.9) [98, 149]. In contrast, the shrimp shells used in this research, sourced
from marine species, have a much higher Ca content of 82.7% (confirmed through XRF
analysis). This higher Ca content is essential for improving PO+*" adsorption because Ca
promotes the formation of Ca-P compounds. The significant difference in Ca content between
marine and freshwater shrimp-derived adsorbents explains the better PO+~ adsorption
efficiency achieved in this study. Therefore, these findings clearly distinguish my research
from two previous studies, highlighting the benefits of using shrimp shell biochar with higher
Ca levels for PO+* removal.

Moreover, Yan et al. (2022) [149] studied a novel crayfish shell biochar-Fe composite
(FXB), which investigated PO+~ adsorption in a binary system alongside Cr(VI) removal.
However, the exact adsorption performance for PO+*~ was not explicitly reported. In binary
systems, competitive interactions between Cr(VI) and PO+* can significantly affect the
adsorption efficiency of each pollutant. In contrast, this study focuses exclusively on PO4*~
adsorption, enabling a more detailed analysis of the adsorption performance and the underlying
mechanisms specific to PO+* removal. Hence, using shrimp shell waste as a Ca source for the

Ca-loaded adsorbent preparation displays great potential for PO4*~ removal.
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Figure 3.3 Adsorption isotherm of PO4>~ by using SSs with different modification.

Table 3.6 Comparison of the adsorption performances of PO4>~ with other reported crustacean

based-biochars.

Adsorbent gmax (MQ/Q) CIm.ax ) Ref.
determination
Crayfish shell biochar-Fe composite 3.82 Langmuir [97]
Chitosan modified sugarcane bagasse )
_ 37.20 Langmuir [153]
biochar
Crawfish char 70.90 Langmuir [148]
Crab shell biochar 209.35 Langmuir [120]
Chitosan modified magnesium with corn ]
) 221.89 Langmuir [154]
straw biochar
SSsN 162.04 Langmuir This work
SSsH 229.43 Langmuir This work
SSsCA 381.24 Langmuir This work

3.4 Adsorption thermodynamic

Three thermodynamic parameters, including changes in the Gibbs free energy (AG®),

enthalpy (AH®), and entropy (AS°), were calculated at different temperatures (20, 35, and
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45 °C) to examine the feasibility and nature of the adsorption process. The values of AH® and

AS° can be evaluated using the Van’t Hoff equation as follows (see Equation 3.2):

AH®  AS°
Ink, = 2
RT R

(3.2)

where ki (L/mg) is the residual PO4>~ adsorption distribution coefficient, R is the universal gas
constant (8.314 J/mol/K), and T is the absolute temperature (K). The slope and intercept of the
linear plot of InKgq vs. 1/T were used to calculate the AH® and AS°, thereafter, AG® can be

derived according to the following Equation 3.3:

AG® = AH° - TAS® 3.3)

The adsorption thermodynamic of PO4*~ onto SSs are shown in Table 3.7 and Figure
3.4. The obtained positive values of AG® (8.03 - 11.01 kJ/mol) at all the studied temperatures
indicated a nonspontaneous reaction. AG® values decreased with increasing temperature,
suggesting improved PO4>~ removal at higher temperatures. The positive AS® (119.21kJ/mol)
suggested increased freedom at the interface between the PO4>~ and SSsCA. The positive AH®
(45.95 kJ/mol) confirmed endothermic adsorption, where the increase of temperature is
conducive to the adsorption process. As the temperature increases, the mobility and diffusion
of PO4>~ into the inner side of SSs improve, and the internal structure of SSs also expands,
allowing PO4’~ to penetrate deeper. This result agrees with previous studies on PO4*~
adsorption by shell biochar, such as oyster shell biochar [155] and iron hydroxide-eggshell
biochar [156]. rises with temperature, reflecting its enhanced ability to adsorb the dye
molecules.

Simultaneously, the magnitude of AH® provides information about the type of
adsorption. The AH® of physisorption is 2.1-20.9 kJ/mol, while that of chemisorption may
reach values between 40 and 120 kJ mol ™! [157]. In this study, the values of AH® (45.95
kJ/mol) for PO+~ were in the range of chemisorption. The interpretation of thermodynamic

results aligns with the PSO model.

Table 3.7 Thermodynamic parameters for SSsCA.

T In(Ka) AH® AS° AG®
(°C) (L/g) (KJ/mol) (J/molek) (KJ/mol)
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Figure 3.4 Adsorption thermodynamic of PO4>~ by using SSs with different modification
(a) Isotherm plots for the PO4*~ adsorption onto SSsCA at different temperatures, and (b)
Thermodynamic parameters fitted by the van’t Hoff equation of SSsCA.

3.5 Adsorption mechanisms of phosphate onto shrimp shell-derived adsorbent

Based on the results obtained from the isotherm, kinetics, thermodynamic studies, and
characterization, it could be concluded that PO4*~ adsorption onto SSs primarily occurs through
3.5.1 Ca**-induced chemical precipitation, where Ca?* ions released from the SSs surface
combine with PO4® ions to form Ca-P precipitates. In addition to chemical precipitation, 3.4.2
3.5.2 other mechanisms including ligand exchange (where PO4*~ displaces COs*~ from
CaCOs on SSs surface) and anion—r interactions (where PO4*~ interacts with aromatic rings
in the SSs m) also contribute to the adsorption process. Besides, the characteristic form of
PO4* changes with pH due to its ability to exist in different protonated forms in aqueous
solutions. PO4*~ could be existed in the forms of HsPO4, H2PO4~, HPO4?", and PO4*™ (pKy =
2.15, pK2 = 7.20, and pKs = 12.33) [1, 158] (see Figure 3.5). Since the pH of the working
solution in this study was 8, H,PO4~ and HPO4*~ are the prominent presence of PO+~ anions.
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Figure 3.5 Distribution of PO4*" species in varying pH conditions [1].

3.5.1 Ca?*-induced chemical precipitation

When SSs was added into PO4>~ solution, PO4>~ (mainly HPO4>~ and HPO4*") might be
primarily attached onto the monolayer surface of SSs due to their enhanced surface morphology
and pore structure. Free Ca?" and CaOH* might be released from the SSs surface for adsorbing
PO4* via three pathways: Dissolution of calcium silicate hydrate (CSH) in HDL,
Hydrolysis of Ca(OH)., and Ligand exchange with Ca(CO)s.

¢+ Dissolution of calcium silicate hydrate in HDL
On the SSs surface, HDL has unembeds CSH structure, which could release Ca?* at
pH=8. The release of Ca?* from the SSs surface into the surrounding solution can interact with
PO4* adsorption through chemical precipitation.
% Hydrolysis of Ca(OH):
Ca(OH), was gradually hydrolyzed to produce Ca?* and CaOH* (OH™ combined) [140]
(see Equation 3.4 and 3.5). Finally, these free Ca?* and CaOH* would combine with PO4>~ to

form Ca-P precipitates.

water
Ca(OH) , — Ca%* + 20H" (3.4)

Ca?* + H,0 & CaOH* + H* (3.5)
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% Ligand exchange with Ca(CO)s.

Since PO4>~ has a higher affinity for Ca than carbonate CO3*>~ due to the larger ionic
radius and higher charge of PO4’". Therefore, the weaker ligand (COs?") is displaced by a
stronger PO4>~ to further form more stable Ca-P bonds.

The XRD, FTIR, and XPS analyses confirmed the formation of various Ca-P groups,
including calcium apatite (Ca-apatite), monocalcium phosphate (Ca(H2PO4)2), and dicalcium
phosphate (CaHPOQa4), on the saturated SSs. The Ca-P precipitates consisted of Ca, (PO,),OH,

and CaHPOg, indicated by XRD analysis (see Figure 3.6).
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Figure 3.6 XRD pattern of SSs with different modification conditions before and after

PO4* adsorption.

The contribution of Ca-precipitation into adsorption mechanism can also be reflected by
the variations in functional groups before and after adsorption from FTIR and XPS analyses
results (see Figure 3.7 and 3.8). The FTIR peaks at 1632, 1017, and 970 cm™* were ascribed
to PO4*~ and HPO4*" vibration of Ca,(PO,),OH, [159-161]. Other peaks at 600 and 560 cmt

also indicated the PO4*>~ of Ca-P precipitates, i.e., Ca-apatite and CaHPO, [162](see Figure
3.7). Similarly, Figure 3.8 shows that All Ca 2p shifted to higher binding energy, indicating
the transformation of Ca-O linkages into Ca-P linkages. After adsorption, the Ca 2p spectra
were fitted with peaks at 347, 347.50, 350.50, and 350.90 eV, reflecting Ca-P precipitates
[163] (see Fig.3.8a). A new P 2p peak at 133.05 eV appeared in the XPS spectra, indicating P
precipitation with Ca?* from CSH [164]. The peaks at 133.4, 134.4, and 134.8 eV were related
to CaHPO4 and Ca(H2PO4)2 [88, 165, 166] (see Fig. 3.8d).
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Figure 3.7 FT-IR spectra of SSs before and after PO4>~ adsorption.
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3.5.2 Other mechanisms including ligand exchange and anion—r interaction.

Another important removal mechanism under these conditions was ligand exchange
whereby H2PO4~ and HPO.* anions replaced CO3*™ on the SSs surface and formed complexes
via Lewis acid-base interactions [87, 167], as confirmed by the FTIR results (see Figure 3.8).
The disappearance of CO3? stretching at ~1400 cm™* and the appearance of CO3* -derived
peak at ~870 cm* revealed the occurrence of ligand exchange between PO4*~ and COs%,
where PO4*" replaced COs?*™ to combine with Ca?* to form Ca-P groups [168]. At the same
time, COs?~ may be displaced into the solution, driving the more vigorous intensity of CO3>"
peaks in the O 1s (see Figure 3.8b). Moreover, the PO,*~ adsorption on SSsCA also incluced
n-1r interaction. The content of C 1s peak at 284.38 eV decreased, and the characteristic peak
of m—m was observed at 293.60 eV [169] (see Fig. 3.8¢c) in SSSCA sample.

However, normally, n—r interaction happens when two aromatic rings get close [2] (See
Figure 3.9). In this work, aromatic ring was observed in the SSSCA sample. Aromatic rings,
with their electron-rich regions, can interact with negatively charged species like PO+*" through
a type of interaction known as anion—= interaction instead of the typical n—mr interaction [2] (see

Figure 3.9). Therefore, this work indicated anion—r interaction in PO4*~ adsorption by SSsCA.
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Figure 3.9 Non-covalent interactions involving ©t systems [2].

Therefore, though electrostatic repulsion existed between SSs and POs*” (see Zeta
potential results in section 2.1), it can be easily overcome by the strong adsorption of PO4*
onto SSs. Diverse pathways of PO4*~ adsorption with shrimp shell-derived adsorbent, including
chemical precipitation, ligand exchange, anion-m interaction, and physical adsorption,

occurred. Table 3.8 concluded the potential adsorption mechanisms in each SSs. In the SSsCa
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sample, which exhibited the highest adsorption, these pathways— including Ca-precipitation,
Ligand Exchange, m - interaction, and physical— cooperate to promote efficient adsorption.
This study provides a sustainable way to manage shrimp shell waste while enabling P recovery,

thus contributing to a circular system in shrimp aquaculture.

Table 3.8 Possible PO4*~ adsorption mechanism in each SSs.

SSs Ca- Ligand Anion -1 Surface area
precipitation Exchange interaction and porosity
SSsN v v v
SSsH v v
SSsCA v v v v

The results from this research support the model mechanisms in Figure 1.8 in some
aspects, but there are differences in certain mechanisms. Figure 1.8 illustrates the nutrient
(NH4*, NOs~, and PO4+*") adsorption mechanisms of biochar, which include several processes
such as surface area, electrostatic adsorption, ion exchange, functional group interactions, and
precipitation (see Table 3.8). This research focused on PO+’ adsorption using SSs, and the
results align with some of these mechanisms, such as chemical precipitation, ligand exchange,
and physical adsorption. However, the model did not fully account for the importance of anion—
7 interactions, which were significant in this work.

Meanwhile, this study did not observe a significant role for surface functional groups or
electrostatic attraction in the adsorption mechanism. Many biochars, particularly those
pyrolyzed at lower temperatures, contain oxygenated functional groups (e.g., -OH, COOH) that
attract NHa" rather than PO4*". The solution pH in this study also exceeded the point of zero
charge (pHzcp) of the SSs, causing the negative surface charge to carry a negative charge.

negatively charged surface hindered the adsorption of PO4*".
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3.6 Recovery of phosphate from real shrimp pond wastewater

Shrimp farming generally produces wastewater that contains high levels of nutrients,
particularly PO4>". Through the efficient removal and recovery of PO4>~ by using SSs results,
PO+* was effectively depleted from aqueous solution while promoting an opportunity for
nutrient recycling. With the Langmuir model on experimental data from shrimp pond
wastewater from Section 3.3 allows for the prediction of PO4>~ recovery from real shrimp pond
wastewater. This model suggests monolayer adsorption on a uniform surface, facilitating
theoretical estimations of phosphate recovery efficiency. The recovery ratio determines the
amount of phosphate removal from wastewater relating to the initial concentration. The

recovery PO4* ratio using the following Equation 3.6:

Co — Cs (3.6)

R(%) = x 100

0

Where ge represents the recovery ratio, Co represents the initial phosphate concentration
(mg/L), and Cs represents the final concentration after treatment (mg/L).

The study area was conducted on shrimp ponds located in southern Thailand. Southern
Thailand currently serves as a leading producer of shrimp. This region is suitable to shrimp
farming due to its coastal geography, adjacency to mangroves and estuaries, availability of
brackish water, and tropical temperature, which all provide optimal conditions for intensive
aquaculture. However, they can be detected by high nutrient concentrations due to shrimp feed,
organic matter decomposition, and the application of fertilizers to promote eutrophication (see
Table 3.6). Therefore, this area suitable for shrimp cultivation and the study of nutrient
recovery measures.

Case study: Phosphate recovery in a shrimp pond in southern thailand background
site description
e Location: Shrimp farms in Southern Thailand with a pond area of 488,883,200 m?
e Pond Volume: Approx. 359,328,480 m?3 (359,328,480,000 L)
o Water Exchange Volume: 107,798,544 m3/day (107,798,544,000L/day.)
o Water Quality:
o Initial PO4*" concentration (Co): 0.54 mg/L.

Methodology
1. Selection of adsorbent:
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o Material: Shrimp shell biochar modified with calcium hydorxide (Ca(OH)2)
(SSsCA)
o Adsorbent Dosage: Initial trials use 0.5 g/L based on lab-scale optimization.
2. Steps for calculation

2.1 Langmuir isotherm equation:

— qmakaCf (3-7)
e = 77 ky.Ce

qe: Adsorbed amount of PO4*" at equilibrium (mg/g).

gmax: Maximum adsorption capacity (mg/g).

Ce: Equilibrium concentration of PO4>~ in solution (mg/L).

Kv: Langmuir constant related to the affinity of binding (L/mg).

Note: Form Section 3.3, Maximum adsorption capacity (gmax): 381.24 mg/g.
Langmuir constant (K¢): 0.012 L/mg.

2.2  Determine adsorption capacity at target concentration:

(Co —Cp) v (3.8)

de = m

Co: Initial PO4>~ concentration (mg/L)
Ct: Residual PO4*" concentration (mg/L)
V: Volume of the solution (L)

M: Weight of the adsorbent (g)

23 Solve for Crby equating langmuir (3.7) and mass balance equations (3.8)

Equating the two equations:

Amax- kL- Cf _ (CO - Cf)

.V
1+ kL.Cf m

Rearranging the equation
Multiply through by 1 + k;.C; to eliminate the denominator:

(Co —Cp.v
Jmax- kL- Cf = T 1+ kL- Cf

Expand the terms on the right-hand side:

(CO — Cf).U n (CO - Cf) V. kL- Cf
m

Qmax- k1. Cf =
Rearrange the equation to isolate terms with Cs¢

JQmax- kL' Cf. m = (CO - Cf) v+ (CO - Cf) V. kL' Cf
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Co.v Cf. v Co. V. kL' Cf Cf. V. kL' Cf
Amax- k1. Cf = ;)n - m + s m - m

Co.v Cf. v Co. V. kL' Cf Cf. V. kL' Cf
Amax- k1. Cf = ;)n - + s -

m m m
Bring all terms involving Cs to one side of the equation:

CO.v:0

V. kL.cf2 N ( v  Co.v.ky

— Qmax- kL) . Cf -

m m m

Solving for Ct
Once the equation is rearranged to isolate Cs
a.cf+b.Ci+c=0

Where a, b, and ¢ are constants derived from gmax, Ce, KL, Co,V and m

. _ vk
- m
Cov.k
* b= qmax-kL"'%_%
s o= _Cov
m
This quadratic equation can then be solved using the quadratic formula:
—b £+ Vb? — 4ac
Cf =
2a
Substitute values:
Given:  Omax = 381.24 mgl/g
K. = 0.012 L/mg
Co = 0.54 mg/L
Vo= 107,798,544,000 L
= 0.5¢/L
Calculate Cs
Positive Root: C; = Z0.064VAS 10
0.048
Cf=0.16 mg/L
2.4  Calculation of phosphate recovery:
Recovery efficiency (R%o):
Co—C
R% = ——x100
0
0.54 —0.16
R% = ————x 100

0.54
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R% = 69.54 %

Total PO4*" recovered for the entire pond:

R%

100
69.54
100

PO3~ — Recovered (kg) = 40,479 kg

P03~ — Recovered (kg) = Total PO3~ (kg) X

PO3~ — Recovered (kg) = 58,211 X

This case study on PO4*~ recovery from a shrimp pond in Southern Thailand obtained a
PO4*~ recovery efficiency (R%) of 69.54%. The technique achieved a total PO4>~ recovery of
40,479 kg, resulting in a notable recovery in POs*" in the pond water. This recovery also
enabled nutrient recycling, as the recovered PO+~ can be utilized for agricultural applications.
The successful implementation of this recovery technique highlights the potential for
sustainable practices in shrimp aquaculture, providing both environmental and economic

benefits.
3.7 Chapter summary

This study investigated the adsorption performance of PO,* from aqueous solution
using shrimp shell-derived adsorbents (SSs). Increasing pyrolysis temperature and activating
with Ca(OH). addition can improve the adsorption capacity of SSs (gmax = 381.24 mg/g). The
SSs fitted to the pseudo-second order, and Langmuir models, suggesting the adsorption process
is predominantly driven by a chemical reaction. The adsorption mechanism for PO4*~ removal
was dominated by chemical precipitation between Ca and P, forming stable Ca-P groups in the
adsorbent. Ca?* could be released from hydroxylellestadite (HDL), Ca(OH)2, and Ca(CO)s.
Ligand exchange and anion—r interactions also contributed to PO4*~ adsorption, especially in
adsorption with SSsCA. Additionally, PO4*~ recovery from the shrimp pond in Southern
Thailand was effectively calculated utilizing the Langmuir isotherm and experimental data.
The evaluation revealed that a PO4*" recovery ratio (R%) of 69.54% is possible the recovery
of approximately 40,479 kg of PO from the pond water, reflecting a significant decrease of
excess PO4>". This study provides a sustainable alternative for handling shrimp shell waste and
suggests a promising approach for PO4>~ recovery, thereby contributing to a circular system in

shrimp aquaculture.
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4.1 Background

Apart from high nutrient contamination in shrimp pond wastewater, the extensive
utilization of various organic chemicals, including antibiotics (Sulfonamides), and pesticides
(Organophosphates), further water pollution, posing significant risks to both ecological and
human health [33]. Therefore, addressing wastewater treatment is also critical challenges in the
recent shrimp aquaculture.

The SSs presented the great removal efficiency for PO.*~ as demonstrated in
Chapter 3. The presence of hydroxylellestadite (HDL) in all SSs samples could release Ca?",
suggesting a Ca-induced precipitation phenomenon, implying that SSs is a suitable material for
the removal of anionic pollutants. Besides, scientific researches on shrimp shell-derived
adsorbents have mainly focused on the removal of heavy metals and cationic pollutants while
a limited number of articles have been published on the removal of anionic pollutants as listed
in Chapter 1; Table 1.4. Therefore, in this chapter, the SSs were applied for anionic pollutant
removal, with methyl orange (MO) dye selected as a model anionic pollutant. MO is a
sulfonated anionic azo dye, of which two benzene rings linked by an azo group (N =N), and it
has high stability, resistance to degradation, and ease of measurement [170]. MO, thus, is
capable of representing pollutants in shrimp shell wastewater. Investigations on adsorption
kinetics, isotherms and thermodynamic were carried out. Removal mechanism and desorption

experiment was also studied in this chapter.
4.2 Methyl orange adsorption experiment

The MO adsorption experiments were conducted using SSs prepared through pyrolysis
alone at 700 °C (SSsN) and compared with two alkali modification methods: Ca(OH)2 (SSSCA)
and KOH (SSsK). KOH alkali activation was included in this study based on previous findings,
which showed that chitosan-based biochar with KOH activation achieved an excellent MO
adsorption capacity of 755.08 mg/g [3].

For the adsorption experiment, 100 mg SSs was added into 200 mL MO solution at
different concentrations from 50 to 3500 mg/L. The mixture was stirred for 72 h (600 rpm/min,
20 °C), and collected at different time intervals. The pH of the working solutions varied
between 8 and 9, indicating the basicity. The collected samples were then centrifuged to

separate SSs particles. The residual MO solution was analyzed spectrophotometrically with
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UV-VIS spectrophotometer (UV-2550, Shimadzu, Japan) at a wavelength of 465 nm. MO

adsorption capacity of SSs (ge) was determined from the following Equation 4.1.

Co=Co,, (4.1)
m

where Co and C; represent the initial and the residual MO concentration (mg/L), respectively,

de =

V is volume of the solution (L) and m represents the weight of the adsorbent (g).

4.3 MO removal performance

4.3.1  Comparison of adsorption performances

The adsorption performances of each SSs were compared based on the MO adsorption
capacity (qe) at a concentration of 1000 mg/L. The contact time was varied from 0 min to 72 h

(4320 mins) as illustrated in Figure 4.1a, 4.1b, and Table 4.1.

(@ (b)

1600 1478 1538 1500
1418
1400 1250 4
1200
1000
73 1000 S
3 >
E s00- E 7501
=2 &
600 500 -
4001 250 —— SSsN
—@— SSsCA
200 1 —A— SSsK
23.06 0
0 = T T T T T T T T T T
Raw SSsN SSSCA SSsK 0 480 960 1440 1920 2400 2880 3360 3840 4320
shrimp shell X i
SSs samples Time (min)

Figure 4.1 Adsorption data of MO onto SSs (a) Comparison of qe, and (b) Influence of

contact time on MO removal by each SSs.

The figure shows that the raw shrimp shells performed poorly. After modification, all
SSs showed rapid adsorption in the first 2 h, and then gradually reached equilibrium within
24 h (1440 min) (see Figure 4.1). This observation might result from the increased availability
of adsorption sites in or around the SSs for interaction with anionic MO present at first
contact. The number of unoccupied active sites decreased over time, resulting in a gradual
adsorption rate. However, each SSs displayed different adsorption capacities. As demonstrated
from Figure 4.1, SSsCA had the highest adsorption capacity (qe) of 1538 mg/g for MO
adsorption, compared to 1478 mg/g for SSsN and 1419 mg/g for SSsK. The XPS and FTIR
results also confirmed MO adsorption onto SSs (see Figure 4.8 and 4.9). A new XPS peak
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associated with sulfonate (-SO3 ) groups from MO was observed after adsorption (see Fig.
2f). Similarly, the FT-IR spectra revealed new peaks at 3900 and 3600 cm™ (-OH and -NH:
stretching vibrations), 1700 cm™ (-NHz), and 1032 cm™ (-S=0-), demonstrating the presence
of functional groups from the MO molecule [171, 172].

Table 4.1 Experimental data and standard errors of MO adsorption (1000 mg/L) capacity for

each SSs as a function of time.

MO adsorbed onto each SSs in solution, gt (mg/g)
Time SSsN SSsCA SSsK

(min) qt Standard qt Standard qt Standard
(mg/g)  deviation (mg/g) deviation (mgl/g) deviation

0 0.00 0.00 0.00 0.00 0.00 0.00
15 856.91 9.61 1433.97 23.41 701.51 44.95
30 1009.93 8.88 1476.01 27.33 882.03 59.68
60 1108.35 8.80 1484.50 29.42 945.84 33.03
90 1176.59 3.79 1476.43 50.62 1067.17 27.20
120 1210.09 8.45 1495.12 50.32 1083.12 20.81
150 1210.09 6.12 1490.02 41.19 1102.85 18.91
180 1208.85 9.31 1512.53 39.48 1112.93 29.87
210 1225.81 9.62 1508.70 46.74 1230.48 24.29
240 1227.87 2.75 1522.72 47.28 1292.61 18.22
360 1289.50 5.01 1535.46 44.54 1319.48 41.91
720 1423.90 18.40 1533.76 8.83 1360.20 24.50
1440 1478.08 13.30 1538.43 19.50 1418.56 35.32
2160 1442.51 38.05 1530.79 16.23 1397.57 36.17
2880 1445.00 29.11 1544.37 13.26 1452.14 25.28
3600 1477.67 6.59 1538.43 19.50 1443.74 56.97

4320 1425.14 23.62 1530.79 35.95 1414.36 21.38
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4.3.2 Adsorption kinetics

To analyze the kinetic mechanism of adsorption process, the experimental data was
fitted with the pseudo-first order (PFO), pseudo-second order (PSO), and Elovich models at an
initial MO concentration of 1000 mg/L. Adsorption kinetics is crucial to understanding the
rate-determining steps and dominant mechanisms involved in the adsorption process [173].
The PFO model describes adsorption where the rate of site occupation is directly proportional
to unoccupied sites, reflecting physisorption. The PSO model assumes the rate is proportional
to the square of unoccupied sites, suggesting chemisorption as the rate-limiting step [144].
Additionally, the Elovich equation is employed to describe adsorption behavior characteristic
of chemisorption with heterogeneous active sites [145]. The corresponding equations are

shown in Table 4.2.

Table 4.2 Adsorption kinetics models [146, 147].

Equation Non-linear form Parameter

ki: the pseudo-first order kinetic rate
Pseudo-first order qe = qe(1 —e7K1b) .
constant (min~ ')

Pseud d ord q2k,t k>: the pseudo-second order kinetic
seudo-second order = —
=Ty qekat rate constant (g/mg.min)

a: the adsorption rate (mg/g.min
Elovich qr = =In (1 + oft) P (mggmin)
g B: the desorption constant (g/mg)

The results of MO adsorption kinetics are shown in Figure 4.2 and Table 4.3. All
regression coefficients (r?) of PSO model (r? = 0.958-0.998) were higher than those of PFO
model (r> = 0.890-0.996), and the experimental qe, exp Values were very close to the predicted
(e, cal Values of the PSO model, suggesting that MO adsorption was dominated by chemisorption
rather than physisorption [174]. In addition, the Elovich model can also better describe the
adsorption behavior of all SSs to MO (r? = 0.966-0.987). This indicates the existence of
chemisorption on heterogenous surfaces (see Figure 4.2).
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Table 4.3 Adsorption kinetic parameters at 20 °C.

SSs samples
Adsorption
parameters SSsN SSSCA SSsK
Qe, €XP MQ/Q) 1478 1538 1419
PFO
ki (min?) 0.055 0.192 0.044
e, cal (mg/g) 1317 1515 1287
r? 0.890 0.996 0.996
PSO
k2 (g/mg.min) 9.10x10* 5.94x10™ 3.85x10°
e, cal (mg/g) 1391 1526 1379
r? 0.960 0.998 0.958
Elovich
o (mg/g.min) 9.4x10* 2.04x10° 6.3x103
B (g/mg) 0.009 0.062 0.008
r? 0.987 0.999 0.966
i NP P RN TS RN
S0 T
1250
1000 -
g 0
= ]
500 - B SSsN
] @ SSsCA
A ssSsK
250 4 ——PFO
1 - - -PSO
0- - - -+ Elovich
0 480 960 1440 1920 2400 2880 3360 3840 4320

Time (min)

Figure 4.2 Adsorption kinetics of MO adsorption by SSs.
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4.3.3 Adsorption Isotherm

Adsorption isotherm is the equilibrium relationship between adsorbent and adsorbate.
The isotherm study provides crucial information on the maximum adsorption capacity and
adsorption characteristics [152]. In this work, the obtained adsorption data were fitted with
Langmuir, Freundlich and Sips isotherms by varying the initial MO concentrations (50, 200,
500, 1000, 2000 and 3550 mg/L). The Langmuir model assumes monolayer adsorption on a
homogeneous surface, while the Freundlich model considers adsorption on a heterogeneous
surface. The Sips model combines the Langmuir and Freundlich isotherm models, effectively
predicting adsorption in both homogeneous and heterogeneous systems [175, 176]. The non-

linear isotherm equations are shown in Table 4.4.

Table 4.4 Adsorption isotherms models [146, 147].

Equation Non-linear form Parameter
. AmaxkL.Ce ki: the Langmuir adsorption constant
Langmuir Qe = — =
1+ kpCe (L/mg)
kr: the Freundlich constant (mg/g)(L/
Freundlich Qe = kg.CH/" mg)'’")
n: the adsorption intensity constant
) Qmax- KsC2 ks: the Sips constant (L/mg)
Sips Qe = 77— .
(1 +kscd) n: the Sips model exponent

The Langmuir and Freundlich isotherm models were also used to fit the adsorption
equilibrium data (see Figure 4.3). The MO adsorption process of SSs agreed with the Langmuir
model better (r?> = 0.938-0.986) than the Freundlich model (r? = 0.914-0.938) (see Table 4.5).
However, the Langmuir model assumes monolayer adsorption on a homogeneous surface,
where there are no interactions between adsorbed molecules (physisorption) [144]. In contrast,
the Kkinetic results indicated chemisorption on heterogeneous surfaces. The 1/n values of
Freundlich model were also below 1 for all SSs (see Table 4.5), indicating the heterogenous
surface through multilayer adsorption [175, 177]. Therefore, the complexity of the MO
adsorption process may not be fully interpreted by the Langmuir model alone. The Sips model
can provide a more comprehensive understanding of adsorption behavior in the MO adsorption.
It overcomes the limitations of the Freundlich model at higher concentration, accurately
describing adsorption across a wide range of concentrations [175, 176]. The highest r? values



Chapter 4 Methyl orange removal |G

(r? = 0.973-0.991) were also obtained with the sips model (see Figure 4.3 and Table 4.5). The
n parameter was higher than 1, confirming the surface heterogeneity of the adsorbent (see Table
2). This suggests that MO adsorption onto SSs likely occurs through a combination of
monolayer and multilayer adsorption pathways [175]. This is consistent with the previous
studies, which highlighted that MO adsorption occurs on other adsorbent materials, including
water hyacinth biochar [178], and activated carbon [179, 180].

Table 4.5 Adsorption Kinetic parameters.

Adsorption SSs samples

parameters SSsN SSsCA SSsK
Langmuir isotherm
kL (L/mg) 0.0030 0.0020 0.034
qr (mg/g) 4063 4772 2363
r? 0.986 0.985 0.969
Freundlich isotherm
ke (mg/g)(L/ mg)Ym) 137.1 55.38 119.2
n 2.33 1.81 2.70
r? 0.914 0.939 0.789
Sips isotherm
ks (L/mg) 0.008 0.013 0.015
gs (mg/g) 3876 4033 2183
n 1.78 4.12 2.15
r2 0.988 0.991 0.993

Additionally, Table 4.5 exhibited that the maximum adsorption capacity of the Sips
model (gs) was higher for SSsCA (4033 mg/g) than for SSsN (3876 mg/g) and SSsK
(2183 mg/g). A higher MO adsorption capacity is expected for adsorbents with a higher surface
area since more active sites are available for adsorption [181, 182]. However, the gs of SSs are
indirectly proportional to both the Sger and the external surface area with a low correlation
coefficient (r2 = 0.209-0.789) (see Fig. 3d). Chemisorption is likely more predominant than

physisorption, which aligns with the kinetic and isotherm results.
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Figure 4.3 Adsorption isotherm of MO by using SSs with different modification.

The maximum adsorption capacity value found in this work was higher than previous
studies (see Table 4.6). The excellent performance of SSs for MO adsorption can be governed by
two parts: (1) MO properties and (2) SSs structure. The detailed mechanism would be discussed
more in the section 4.3.2. SSsN and SSsCA included HDL, which plays essential role for MO
adsorption. HDL has unembeds calcium silicate hydrate (CSH) [108, 109], potentially releasing
Ca?" and exposing silanol-like surface properties on SSs particles for MO adsorption. In contrast,
the moderate MO adsorption of SSsK likely occurs via different adsorption mechanism compared
to SSsN and SSsCA, as evidenced by the significant presence of KoCO3 and K20, along with the
the limited formation of HDL in SSsK. The K>CO3 in MO aqueous solution possibly decompose
to K»0, leading K" generation for MO adsorption [183], as an evidenced by the appearance and
intensity reduction of K1S in the XPS results of SSsK (Figure 4.4). Obviously, SSsCa had the
highest adsorption capacity for MO (see Table 4.5). Furthermore, though physisorption is not the
main mechanism, the lower surface area of SSsK might affect its adsorption performance. KOH
activation destroyed the pore structure and adsorption sites, as shown by lower external surface
area and smaller total pore volume than those of SSsN and SSsCa (see Chapter 2: Table 2.1),
thereby decreasing the available adsorptive sites for MO. Because SSsCA had the highest
adsorption capacity for MO (see Table 4.5), it was selected for adsorption thermodynamics

analysis in the next section.
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Table 4.6 Comparison of the adsorption performances of MO with other reported biochars.

Omax (max
Adsorbent o Ref.
(mg/g) determination
Protonated amine-modified '
909.09 Langmuir [184]
hydrochar
Biochar from cellulose 306.13 Temkin [183]
Activated biochar from pomelo
163.11 Langmuir [185]
peel waste
Chitosan-modified biochar 38.75 Langmuir [186]
SSsCA 4033 Slips This work
SSsN 3876 Slips This work
SSsK 2183 Slips This work
12000 Before adsorption After adsorption K 2p
Raw shrimp shell
10000 - K 2p3/2 SSsN
292.86 SSSCA
SSsK
_ 8000 1
b 6000 - K 2pl/2
S 295.93
E 4000 +
2000 1
O -

T T T T T T T T T T
296 294 292 296 294 292
Binding energy (eV)

Figure 4.4 K 2p XPS spectra of SSs before and after MO adsorption.

4.4 Adsorption thermodynamics

Three thermodynamic parameters, including changes in the Gibbs free energy (AG®),
enthalpy (AH®), and entropy (AS°), were calculated at different temperatures (20, 35, and
45 °C) to examine the feasibility and nature of the adsorption process. The values of AH® and

AS° can be evaluated using the Van’t Hoff equation as follows (See Equation 4.2):
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AH®  AS°
lnksz E- ? (4.2)

where ks (L/mg) is the residual MO adsorption distribution coefficient, R is the universal gas
constant (8.314 J/mol/K), and T is the absolute temperature (K). The slope and intercept of the
linear plot of Inks vs. 1/T were used to calculate the AH® and AS°®, thereafter, AG® can be
derived according to the following Equation 4.3:

AG° = AH° - TAS® “4.3)

The thermodynamic parameters of MO adsorption onto SSsCA are presented in Figure
4.5 and Table 4.7. The positive value of AH® confirmed the endothermic adsorption according
to the larger MO adsorption capacity at higher temperature. The AH® value also indicates the
type of adsorption. The AH® for physisorption is 2.1-20.9 kJ/mol, while chemisorption is in a
range of 40-120 kJ mol kJ/mol [187, 188]. In this study, the AH® of 33.97 kJ/mol suggested
that MO adsorption onto SSsCA was driven by physicochemical sorption. Alijani et al. [187]
similarly proposed dual adsorption mechanisms for mercury (II) adsorption on multi-walled
carbon nanotubes, with AH® values of 24.74-28.75 kJ/mol. These also did not clearly fall
within the typical ranges for either physisorption or chemisorption. Meanwhile, the positive
value of AS® indicated an increase in randomness (or disorder) of the capture process at the
adsorbent-solution interface during MO adsorption [189]. The positive AG® values suggested
non-spontaneous adsorption onto SSsCA. The decrease in values of the AG® with an increase
in temperature indicates more spontaneous at high temperature.

The endothermic nature of the adsorption process is driven by interactions that become
more favorable at higher temperatures. At high temperatures, the enhanced mobility and
diffusion of MO molecules facilitate their movement toward the adsorbent surface.
Simultaneously, the swelling effect within the internal structure of adsorbent expands the
pores, allowing pollutants to penetrate deeper into the material [190, 191]. This combination

of factors enhances the overall adsorption capacity at higher temperatures.

Table 4.7 Thermodynamic parameters.

T In(ks) AHP AS° AG®
(°C) (L/g) (KJ/mol) (J/mol k) (KJ/mol)
20 4347 10.82

35 -3.990 33.97 78.98 9.63

45 -3.196 8.84
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Figure 4.5 Adsorption thermodynamic of MO by using SSs with different modification
(a) Isotherm plots for the MO adsorption onto SSsCA at different temperatures, and (b)
Thermodynamic parameters fitted by the van’t Hoff equation of SSsCA.

4.5 MO desorption

Desorption studies can provide insights into the adsorption mechanism. In this study, two
SSsCA samples adsorbed at different initial concentrations of MO—100 mg/L (low
concentration) and 1000 mg/L (high concentration)—were selected to desorb MO molecules.
The desorption experiment was conducted when the above-mentioned adsorption process was
completed. The adsorbent was rinsed with distilled water to eliminate unabsorbed MO, and
then dried in the oven at 100 °C for 24 h. After that, 50 mg MO-loaded adsorbent (100 mg/L
and 1000 mg/L) was added into 100 mL of deionized water at pH = 2 and 9 and kept stirring
until equilibrium was reached. The adsorbent was separated, and the concentration of released
MO in the solution was measured using the same procedure.

As shown in Figure 4.6, nearly complete desorption from the samples adsorbed at 100
mg/L (low concentration) was observed (reversible adsorption), regardless of pH. When pH is
decreased to 2, the reduced electrostatic repulsion between MO and the SSs surface should
enhance desorption efficiency. However, the results indicated lower efficiency. This suggests
that the existing electrostatic repulsion acts as a significant driving force for MO release, and
this weakened repulsion still facilitates MO retention on the surface. Meanwhile, the samples
adsorbed at 1000 mg/L (high concentration) showed significantly low desorption efficiency
(irreversible adsorption). This indicates the different adsorption mechanisms between low and

high MO concentrations, and the stronger interaction between SSSCA and MO observed at
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high MO concentration. These detailed mechanisms of adsorption would be discussed further

in the following section.
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Figure 4.6 MO desorption/adsorption ratio by SSSCA at different concentration
(100 and 1000 mg/L) and pH (2 and 9).

4.6 Adsorption mechanisms

The findings of this study raise crucial questions about MO adsorption onto SSs and
they would be discussed in this section. Because SSsCA exhibited the highest adsorption
performance, the detailed mechanism of MO adsorption was explained focusing on SSsCA.
In the MO aqueous solution at pH = 9, SSsCA has a negative surface charge on its surface
(see Chapter 2: Figure 2.4). Therefore, anionic MO is expected not to easily reach to the
adsorption site owing to electrostatic repulsion. However, some of MO molecules can move
more actively at higher temperature. This allowed active MO to pass over the electrostatically
repulsive barrier and reach the outer surface of SSsCA. The MO molecules were first
adsorbed onto the active sites of the external SSsCA, followed by gradual transfer into inner
pores MO interparticle diffusion is accelerated, allowing it to penetrate deeper into the pores,
while the internal structure of SSs expands. Overall, higher MO adsorption is achieved at
higher temperature, which looks the endothermic adsorption of MO onto SSsCA. Moreover,
SSs exhibit excellent performance in anionic MO adsorption despite the electrostatic repulsion
caused by their negative surface charge. Most importantly, the MO adsorption onto SSs shows
dual characteristics, involving both reversible and irreversible adsorption processes, which

will be explained as follows:
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4.6.1 The large adsorption capacity of SSs for anionic MO

The large adsorption capacity of SSs for anionic MO, despite the negative surface
charge of SSs, raises a challenging question. This study proposes that the excellent
performance of SSs for MO adsorption can be governed by two parts: (1) the nature of MO
molecules and (2) the structure of SSs. MO molecules have the ability to exhibit the self-
aggregation behavior when the initial concentration is above 100 mg/L. MO dye molecules
tend to form more dimers (non-single molecules) at higher concentration [192]. Once MO
molecules occupied the adsorption sites on SSs, the adsorption capacity decreased. However,
the interactions between MO molecules continued agglomerate, resulting in multilayer
adsorption that ultimately increases the overall adsorption capacity.

Meanwhile, SSsN and SSsCA included HDL, which plays essential role for MO
adsorption. HDL has agglomerates of compact crystals in hexagonal prism morphology which
unembeds calcium silicate hydrate (CSH) [108, 109]. The MO adsorption at pH=9 could
release Ca®" and expose silanol-like surface properties from the SSs particles, which might
provide the active sites for MO adsorption onto the SSs surface [110]. The released Ca*"
inside HDL might form a complex with SO3” of MO molecule, which is supported by the
decrease of Ca 2s intensity (see Figure 4.7a) and the new peak appearance of sulfonate
functional groups (see Figure 4.7b) after adsorption. The FT-IR results also indicate the new
peak at 1032 cm™! (see Figure 4.8) which demonstrates the involvement of -S=O- of MO
molecule [193, 194]. Meanwhile, the Si of silanol-like surface of HDL might form a complex
with azo group N of MO molecule, which was evidenced by the new peak appearance of Si—
N linkage after adsorption (see Figure 4.7¢). A loan electron pair of azo group N of MO
interacts with Si of silanol to form hydrogen bonding between silanol and the n-system of azo

group [195].
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Additionally, when reviewing previous literature, it is commonly observed that MO dye
tends to self- aggregate, in aqueous solutions. There is still a noticeable presence of high
adsorption capacity due to the intermolecular interactions in MO, such as the n—n interactions
between the aromatic rings and the —N = N— groups within the dye molecule. Hence, the surface
of adsorbent may accommodate more than one layer of molecules and not all adsorbed
molecules are in contact with the surface of SSs [196, 197].

On the other hand, since MO molecule would be adsorbed mainly on the external surface
because of large and complicated structure of MO molecule [181, 182]. After the aggregation
of MO, aggregated MO was deposited or adsorbed on the outer surface of SSs. The maximum
MO adsorption capacity (qmax) of SSsis in the good linearity to the external surface area rather
than Sget (see Figure 4.9). SSsCA exhibited the highest adsorption capacity (4033 mg/g) with
the large external surface areas (13.29 m?/g). Although the fit was relatively good, it was not
perfect. This suggested that external surface area alone cannot fully explain the adsorption
capacity. The degree of MO aggregation may also play a significant role in influencing the
adsorption capacity. In addition, volume expansion was observed after adsorption on SSs at
1000 mg/L MO, which could be a result of MO aggregation (see Figure 4.10). Therefore, this
helps explain the large adsorption capacity observed. Moreover, the adsorption performance of
MO is closely linked to the external surface area of the adsorbent, which suggests that the rate-
limiting step in this process is the mass transfer of MO from the bulk solution to the adsorbent
surface. Since the diffusion within the pores seems less important, the process is controlled by
how quickly MO molecules can move to the surface, where they interact with the adsorbent.

However, since this study focused on adsorption performance rather than the exact pre-
adsorption state of the adsorbate, this remains a limitation. Two possible scenarios can be
considered for the MO adsorption process. In the first scenario, MO molecules may undergo
aggregation in solution before adsorption, forming larger molecular clusters that then interact
with the adsorbent surface. In the second scenario, individual MO molecules may first attach
to the adsorbent surface, and aggregation occurs subsequently as more molecules accumulate.
Distinguishing between these two pathways is challenging and would require additional
analyses. Understanding this process in greater detail could provide deeper insights into the

adsorption mechanism.
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Figure 4.10 Adsorption kinetics of MO adsorption (1000 mg/L) by SSsCA.

Moreover, we found a previous study related to calcium-rich biochar with high removal
efficiency, similar to the results in this work. Dai et al. (2018) [198] investigated calcium-rich
biochar derived from crab shells (CRB) for Congo Red (CR) adsorption. Crab shells belong to
the same crustacean group as shrimp shells in this study. CR is an anionic diazo dye with a
larger structure than MO, which has one azo bond. CR was tested at concentrations up to 4000
mg/L, similar to the conditions in our study. The result demonstrated a superb adsorption
capacity of 20,317 mg/g for CR (See Table 1.2). The study also highlighted the importance of
Ca as a key factor in enhancing adsorption, which is consistent in this study. Although the study

did not address the self-aggregation behavior of CR, it is known that CR can form larger
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aggregates in solution due to 7-7 interactions between the aromatic rings of the dye [199]. This
might be related to the high adsorption capacity observed in their work.

A previous study by Ahmed et al. (2018) [200] also reported a superb removal capacity
for MO, with an adsorption capacity of 4483.9 mg/g. The hierarchically porous magnesium
oxide (MgO) adsorbent was prepared using a method involving a precipitating agent, such as
magnesium sulfate (MgSO4) and ammonia (NHzs). The concentration range for the test was up
to 2000 mg/L, similar to our work (See Table 4.8). However, their study proposed a different
adsorption mechanism, focusing on the macropore structure properties that facilitate MO
adsorption by enabling efficient transport to surface sites and multilayer adsorption. Notably,
this study did not discuss self-aggregation behavior. In contrast, our work highlights the role
of HDL formation in the adsorption process, where MO self-aggregation helps to enhance

adsorption performance.

Table 4.8 Comparison of adsorption characteristics

Parameter SSSCA CRB MgO
Source Material Shrimp Shells Crab Shells MgO
Preparation Method Ca(OH): + Pyrolysis Pyrolysis at 800°C MgSO4 + NH3

at 700°C for 1 h for2h
Adsorbent loading 500 500 1000
(mg/L)
Dye type Methyl orange Congo red Methyl orange
Concentration Range 50 -3500 350-4000 0.1-2000
Tested (mg/L)
Efficiency (mg/g) 4033 20317 4483
Ca content (%) 82 7 65.4 -
SeeT (M?/g) 1721 81.57 63
Average pore size (nm) 2.33 4.22 12.03
Ca-precipitation, Macropore
. electrostatic structure, and other
. Ca-precipitation, .
Mechanisms o attraction, chemical
Si-N linkage .
hydrogen bonding .
adsorption

and -7 interaction
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4.6.2  Dual characteristics including both reversible and irreversible adsorption
processes.

The nature of MO molecules at low (< 100 mg/L) and high (>100 mg/L) concentrations,
along with the released Ca?* and exposed silanol-like surface sites are also key elements in
explaining reversible and irreversible adsorption. This study found that adsorption is reversible
at low MO concentration, while it becomes irreversible at high concentration. At low initial
MO concentration, most MO molecules are monomers [192, 201] and can be easily desorbed
from the SSs surface due to a lack of connectivity [202]. Additionally, the MO monomer
adsorption was mainly or partially driven by complex formation between azo group N of MO
and Si of SSs. This type of adsorption is less stable than that in high concentration system,
which involves both Si-N linkages and SOs—Ca?" complexes (see Figure 4.7c). At high initial
MO concentration, the MO molecules also tend to form polymers [192, 201], leading to
multilayer adsorption where MO polymers complex with SSs. The desorption of the entire
polymer chain may require simultaneous desorption of all adsorbed MO monomers (see Figure
4.11) [202]. The adsorption becomes irreversible when a few monomers remain attached on

the SSs surface.

Al
AA . A A

Figure 4.11 An illustration of the concept of irreversibility at high MO concentration system:
while with time a monomer can be either adsorbed (green) or desorbed, desorption of the

whole chain would require simultaneous desorption of all the adsorbed monomers [202].
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4.7 Chapter Summary

This chapter focused on evaluating the ability of shrimp shell derived-adsorbent (SSs)
to remove methyl orange (MO) dye as a model of anionic pollutant. Although SSs negative
surface charge, the results indicated that all SSs could effectively adsorb MO dye effectively.
In particular, SSsCA (fabricated by pyrolysis with Ca(OH). modification) exhibited the best
performance in terms of MO removal (gmax= 4033 mg/g).

The adsorption behavior of MO onto SSs is endothermic, primarily controlled by
chemisorption, along with physisorption, as indicated by the Kkinetic, isotherm, and
thermodynamic results. At high temperatures, the enhanced mobility and diffusion of MO
molecules improve their movement toward the adsorbent surface, while the internal structure
expands, allowing deeper penetration of SSs. The excellent MO adsorption was governed by
hydroxylellestadite (HDL) inside SSs and the nature of MO molecules. The presence of HDL
enabled SSs to demonstrate a large adsorption capacity by releasing Ca?* and expose silanol-
like surface properties for adsorbing anionic MO. MO adsorption is mainly driven by complex
formation between azo group N of MO and Si of SSs. This study highlights the concentration-
dependent nature of MO adsorption, which also influences its adsorption performance. The
adsorption was reversible at low MO concentration (< 100 mg/L) because MO monomer
(disconnecting MO). In contrast, it became irreversible at high concentration (>100 mg/L). MO
formed polymer complex, leading to multilayer adsorption where MO polymers complex with
SSs through both Si-N linkages and Ca*" -SOs~ complexes. Overall, this study highlights the
importance of initial material concentration dependency of MO adsorption. Furthermore, since
SSs exhibited excellent performance for MO adsorption, the removal of other anionic

pollutants from shrimp aquaculture wastewater by using SSs might be feasible.



Chapter 5 Conclusion and recommendations

5.1 Overall conclusions

This thesis aims to efficiently utilize shrimp shell waste for the removal of anionic water
contaminants by converting it into biochar-derived adsorbents. The adsorbents obtained from
shrimp shells (SSs) were synthesized from shrimp shell waste via pyrolysis and alkali
activation employing calcium hydroxide (Ca(OH)2) and potassium hydroxide (KOH). Four
formulations were developed and designated as SSsN (pyrolysis at 700 °C), SSsH (pyrolysis
at 800 °C), SSsCA (Ca(OH): + pyrolysis at 700 °C), and SSsK (KOH + pyrolysis at 700 °C).
All SS samples were characterized to examine their physicochemical properties, as described
in Chapter 2. The adsorbents were subsequently applied for wastewater treatment for
removing phosphate (PO+*) and methyl orange dye (MO) as representative anionic
contaminants, as detailed in Chapters 3 and 4, respectively.

In Chapter 2: Fabrication and characterization of the shrimp shell derived-adsorbent,
shrimp shell-derived adsorbent (SSs) were fabricated from shrimp shell waste through a
pyrolysis process and alkali activation using calcium hydroxide (Ca(OH)2) and potassium
hydroxide (KOH). SSs demonstrated significant improvements in both physical and chemical
characteristics, compared to raw shrimp shell. All samples exhibited enhanced surface area
(SeeT) and pore volume (Vpore), With higher pyrolysis temperatures (800 °C) resulting in more
significant enhancements than differing alkali activators. Shrimp shells are rich in Ca, which
is distributed throughout the surface, as confirmed by EDS analysis, resulting in the formation
of hydroxylellestadite (HDL), calcium carbonate (CaCOs), calcium hydroxide (Ca(OH)z2), and
potassium sodium calcium chloride carbonate hydrate (KSC). Samples after pyrolysis at
700 °C (SSsN and SSsCA) exhibited HDL and CaCOs, whereas KOH-activated sample (SSsK)
generated KSC. At 800 °C (SSsH), CaCO:s converted into Ca(OH).. The formations, validated
by XRD, FTIR, and XPS, may affect the adsorption of PO+~ and MO, as elaborated in the
following chapter.

In  Chapter 3: Phosphate  Removal and  Recovery, SSs  were
investigated their removal performance for PO4*~ removal and recovery from solution. All SSs
samples (SSsN, SSsCA, and SSsK)) demonstrated significant effectiveness in PO+*>~ adsorption,
with SSsCA exhibiting the greatest adsorption selectivity. The adsorption mechanism for PO4*

removal was dominated by chemical precipitation between Ca and P, forming stable Ca-P



groups in the adsorbent. Ca?* could be released from HDL, Ca(OH),, and Ca(CO)s. Ligand
exchange and anion—m interactions also contributed to the PO4>~ adsorption. The recovery ratio
of PO+* was determined through a case study in Southern Thailand, indicating a recovery
efficiency (R%) of 69.54%, which corresponds to approximately 40,479 kg of PO4* retrieved
from pond water. This substantial decrease in an excess PO.*>" represents a sustainable strategy
for managing shrimp shell waste while offering an effective way of PO4*" recovery, thereby
promoting the development of a circular system in shrimp aquaculture.

In Chapter 4: Methyl orange removal, SSsN, SSsCA, and SSsK were selected to remove
methyl orange (MO) dye. As a results, SSSCA (gmax= 4033 mg/g) exhibited the best
performance in terms of MO removal performance. The outstanding MO adsorption
performance was attributed to the presence of HDL within SSs and the inherent characteristics
of MO molecules. HDL facilitated a high adsorption capacity by releasing Ca** ions and
providing silanol-like surface properties, which effectively captured the anionic MO through
the formation of Si-N linkages and Ca*>*~SOs~ complexes. This chapter also highlights the
concentration-dependent nature of MO adsorption, which also influences its adsorption
performance. The adsorption was reversible at low MO concentration (< 100 mg/L) because
MO monomer (disconnecting MO). In contrast, at higher concentrations (>100 mg/L), the
adsorption was irreversible due to the connectivity between polymeric complexes. The
interactions between MO molecules continued agglomerate that ultimately increases the
overall adsorption capacity. Due to the excellent MO adsorption performance of SSs, they
could potentially be used to remove other anionic pollutants from shrimp aquaculture
wastewater.

In conclusion, the SSs derived from shrimp shell waste has high potential to be used as
an effective adsorbent for removing anionic water pollutants. The results demonstrated
efficient PO+*~ adsorption and significant MO removal, emphasizing its dual role in nutrient
recovery and water purification. This "waste-to-wealth" approach, which transforms waste into

valuable products, supports sustainability and a circular system in shrimp aquaculture.
5.2 Recommendations

This study demonstrates the excellent removal and recovery of phosphate (PO+*") and
anionic methyl orange (MO) dyes using a sustainable material derived from shrimp shell waste.
Building on these findings, several key areas for future investigation are proposed.

1. Shrimp ponds also use seawater, not freshwater. Therefore, the adsorption



performance of SSs will likely differ in seawater. The study of PO+*~ adsorption in seawater
should be extended, as real shrimp ponds utilize seawater.

2. Since the majority of shrimp produced in Thailand are vannamei shrimp (whiteleg
shrimp), which are cultured in both freshwater and seawater, this study specifically uses
shrimp from seawater. Its findings may be directly applied to improve PO.*" recovery and
nutrient recycling in vannamei shrimp farming systems.

3. Inreal shrimp pond wastewater, the mixture of various pollutants is present and impact
the adsorption capacity of POs*~ and MO. The binary system experiment would provide more
relevant insights for real-world applications. Future research should address this.

4. The potential leaching of Ca?>* and CaOH* from SSs after PO+*~ adsorption should be
investigated. While moderate levels of Ca?" can enhance plant growth, excessive amounts or
unfavorable pH conditions may adversely affect plant health.

5. The ability to utilize the recovered PO.* as a fertilizer should be thoroughly evaluated,
as it could offer significant benefits to the agricultural sector. Moreover, when using shrimp
shell-derived adsorbents, they may adsorb various anionic pollutants. This means PO+*~ and
other pollutants could be adsorbed together. However, if we want to use the adsorbed PO+*" as
a fertilizer, further treatment would be required to separate PO+*~ from the other adsorbed
pollutants. This separation will be an important focus for future research.

6. Scaling up the powdered adsorbent remains a significant challenge. The experiment
used a magnetic stirrer to ensure uniform mixing of the adsorbent throughout the solution.
However, in the initial proposed setup, aeration tanks were purposed (see Figure 5.1). The
adsorption kinetics observed in the lab setup will differ from those in real applications within
the aeration tank. The experiments were conducted under the simplest conditions to obtain
baseline kinetic data, which are essential for developing a real adsorption model that can be
applied in more complex conditions, such as those in the aeration tank. This aspect should be

considered in the future work.

7. The detailed lifecycle assessment and economic analysis are crucial to evaluate the
feasibility of scaling up the production and application of this adsorbent. As part of economic
analysis. a simplified cost calculation approach is proposed in this work based on the electricity
consumption for pyrolysis of waste wood as feedstock (0.5 kWh per kg of product produced)
[203] (see Appendix). Other factors, such as equipment and maintenance costs, and waste

disposal costs, must also be considered, as they significantly influence the overall cost estimate.
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Figure 5.1 Proposed shrimp cultivation wastewater treatment.
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Appendix
A.1 Effect of pyrolysis temperature temperatures

To preliminarily investigate the effect of pyrolysis temperature, shrimp shell-derived
adsorbents (SSs) were prepared through pyrolysis at various temperatures, specifically 400°C,
500°C, 600°C, and 700°C. The preparation method follows the procedure outlined in Chapter
2.1: Section 2.1.2. The 2 g of pyrolyzed samples were then exposed to 200 mL of Methyl
Orange (MO) solution (10 mg/L) and stirred for 240 minutes. The removal efficiency was
subsequently measured, and the results are presented in Figure A.1. It can be observed that as
the temperature increases, the removal performance improves. The pyrolysis sample at 700°C
shows a significant improvement compared to the 600°C sample. Therefore, 700°C was

selected as the starting temperature for further investigation.
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Figure A.1. Effect of pyrolysis temperate on MO removal efficiency.




A.2 Chemical cost of Shrimp shell derived adsorbent

This section provides a simplified calculation for the chemical costs associated with
fabricating shrimp shell-derived adsorbents (SSs). It should be note that all chemicals used in

the fabrication process for this study were of analytical reagent (AR) grade.

Step 1: Summary of chemical price list

Volume Price
AR hemical
grade chemicals per unit (g) per unit* (F)
KOH pellet 500 2,100
= 500 g of KOH used: 1 kg of SSsK 500 2,100
Ca(OH), powder 500 2,200
= 50 g of Ca(OH)2 used :100 g of SSsCA 500 2,200

*Chemical price obtained from FUJIFILM Wako Pure Chemical

Step 2: Calculation of cost per unit

The cost per unit of adsorption production was calculated based on energy
consumption for the production of 1 kg of SSs. Using data from a previous study, the
electricity consumption for pyrolysis of waste wood as feedstock was determined to be 0.5
kWh per kg of product produced [203] (see Table A.3). Since the yield varies and affects the
amount of energy required for production, the energy consumption was adjusted accordingly
for each sample. For the alkali activation process, the electricity consumption of the magnetic
stirrer (REXIM RSH-6DN, Japan) was 1.08 kWh. This was added to the energy required for
pyrolysis to produce of SSaCA and SSsK.

- Electricity Electricity
Electricity . . .
. Yield consumption consumption
Sample usage Time usage (h) . . .
(kwh) (mg/time) for pyrolysis for pyrolysis
(kwh) (kwWh)/ 1 kg
SSsN 0.5 1.75 17.44 0.88 50.17
SSsH 0.5 1.86 14.38 0.93 64.67
SSsCA 0.5 1.75 26.40 0.88 33.14
SSsK 0.5 1.75 21.02 0.88 41.63

Magnetic stirrer
Power (kW)

Electricity consumption for

Time usage (h) pyrolysis (kwh)/ 1 kg

1.08 2 2.16




Electricity consumption of SSs

Chemical Alkali activation Electricity o .
SSs sample . _ Total electricity  Electricity rate
cost (H) electricity consumption for ) )
_ _ consumption In Japan** Total (FH)/kg
consumption pyrolysis
(kwWh/kg) (F/kKWH)
(kWh/kg) (kWh/kg)
SSsN ) - 50.17 50.17 1455
SSsH - - 64.67 64.67 29 1535
SSsCA 2,100 2.16 33.14 35.30 3124
SSsK 2,200 2.16 41.63 43.79 3470
*Commercial activated carbon from coconut peel 1956

* Commercial activated carbon price obtained from Monotaro
**Electricity Rates for January 2024 by TEPCO Energy Partner, Inc., Japan

SSsN had the lowest total cost (1455 [1/kg) since it only involved pyrolysis with no chemical costs. SSsCA and SSsK involved both

alkali activation and pyrolysis, leading to higher costs due to additional chemical expenses. Therefore, the production of SSs is economically
feasible, especially for samples SSsN and SSsH, which are more affordable compared to commercial activated carbon. However, if commercial-
grade chemicals were used instead of AR grade chemicals, the cost could be significantly reduced. Moreover, with increased production scale,
energy use might be decreased, making the process more cost-efficient. Recently, a small-scale pyrolysis plant with a 500 kg/day capacity,

consuming only 3 kW to 9 kW of electricity, further enhancing its economic viability (source: Henan Doing Environmental Protection

Technology Co., Ltd).




The detailed calculation of the adsorption cost per kg of PO4*" removed, using SSsN,
which has the lowest production cost.
Given Data for SSsN:
U Production cost = 1,455 yen/kg adsorbent
O Adsorption capacity = 162.04 mg/g = 162.04 g/kg adsorbent

Step-by-Step Calculation:

1. Convert Adsorption Capacity to kg PO4+* Removed per kg Adsorbent

1
162.04 g PO3~ =

2. Calculate Adsorption Cost per kg P Removed
Production cost (yen/kg adsorbent)
P03 removed (kg PO~ /kg adsorbent)
1,455 yen
0.162 kg PO3~

= 8,981.48 yen/kg PO3~

3. Convert to USD (Assuming 1 USD = 150 yen)

BI8LAVYEN _ 59,88 USD/kg POI-

150 yen/USD _ /ke PO

Therefore, the adsorption cost per kg of PO+*~ removed in this study was calculated to

be 59.88 USD/kg PO4+* using SSsN. When compared to other commercial porous adsorbent,
which typically range from $100 to $200 per kg PO+*~ for PO+*" removal [204], SSsN

demonstrates a more cost-effective approach to reducing PO+~ levels.



