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 วิทยานิพนธนี้มุงเนนการพัฒนาวัสดุชนิดใหมสําหรับประยุกตใชงานดานสิ่งแวดลอม       

ในการวิเคราะหปริมาณและกําจัดธาตุอาหารในแหลงน้ํา เพื่อเฝาระวังและลดการเกิดปรากฎการณ

สาหรายสะพรั่ง โดยประกอบดวยการพัฒนาเซ็นเซอรแบบตรวจวัดสีสําหรับตรวจวัดไนไตรทในน้ํา 

และการพัฒนาวัสดุดูดซับชนิดใหมสําหรับกําจัดฟอสเฟตในน้ํา โดยเซ็นเซอรแบบตรวจวัดสีสําหรับ

ตรวจวัดไนไตรทพัฒนาข้ึน เนื่องจากไนไตรทเปนธาตุอาหารสําคญัที่เปนตัวบงชี้คุณภาพน้ําซึ่งสามารถ

เรงการเกิดปรากฎการณสาหรายสะพรั่ง นําไปสูผลกระทบตอระบบนิเวศทางน้ําไดเปนอยางมาก     

อีกท้ังไนไตรทยังกอใหเกิดกลุมอาการของโรคทารกสีน้ําเงินจากการรับสัมผัสไนไตรท ซ่ึงเปนสภาวะ     

ที่ไนไตรทรวมตัวกับฮีโมโกลบินในเม็ดเลือดแดงและเปลี่ยนเปนเมทฮีโมโกลบิน ทําใหความสามารถ      

ในการลําเลียงออกซิเจนไปยังรางกายลดลงสงผลใหเกิดภาวะขาดออกซิเจน นอกจากน้ีไนไตรท          

ยังสามารถทําปฏิกิริยากับสารประกอบเอมีนนําไปสูการกอตัวของสารไนโตรซามีน ซึ่งเปนสารกอ

มะเร็งอีกดวย การพัฒนาเซ็นเซอรอาศัยหลักการเกิดปฏิกิริยาการเกิดสีระหวางไนไตรทกับสารเคมี    

ที่สามารถเกิดปฏิกิริยาเคมีอยางจําเพาะกับไนไตรท  ไดแก  รีเอเจนตเกรส ซึ่งถูกกักเก็บไวภายใน      

รูพรุนของวัสดุขนาดนาโนของเมโซพอรัสซิลิกาที่ถูกทําใหเชื่อมตอกันเปนแผนบางดวยสารละลายแปง

มันสําปะหลัง เซ็นเซอรแบบตรวจวัดสีนี้สามารถมองเห็นการเปลี่ยนแปลงสีหลังเกิดปฏิกิริยาไดดวยตา

เปลา หรือใชงานรวมกับโปรแกรมวิเคราะหภาพสีเพื่อการวิเคราะหไนไตรทเชิงปริมาณเพื่อหาคาความ
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เขมแสงของสีพื้นฐาน 3 สี (แดง เขียว น้ําเงิน) ของผลิตภัณฑสีท่ีไดจากปฏิกิริยาทางเคมี พบวา       

คาความเขมของแสงสีเขียว มีความไวในการตรวจวัดไนไตรทสูงสุด (70 ± 2 a.u./mgL
-1
) ซึ่งเซ็นเซอร

ที่ถูกพัฒนาขึ้นมีลักษณะเปนแผนบางมีความหนา ประมาณ 313 ไมโครเมตร จากการศึกษา พบวา 

วิธีวิเคราะหที่พัฒนาขึ้นมีชวงความสัมพันธของคาการตอบสนองจากการตรวจวัดและความเขมขนของ

สารไนไตรทเปนเสนตรง (Linear range) ตั้งแต 0.05 ถึง 2.5 มิลลิกรัมตอลิตร (R2= 0.9988)         

มีขีดจํากัดของการตรวจวัด 15 ไมโครกรัมตอลิตร ในรูปของไนไตรทไอออน หรือ 4.6 ไมโครกรัม     

ตอลิตรในรูปไนโตรเจน ทั้งนี้ยังมีความแมนยําในการวิเคราะหสูง (2.67 รอยละคาความคลาดเคลื่อน

สัมพัทธ, % relative error) ในขณะท่ีผลการทดสอบรอยละของการไดกลับคืนจากการวิเคราะห

ตัวอยางที่เติมสารมาตรฐานไนไตรทที่ความเขมขน 0.5 และ 1.0 มิลลิกรัมตอลิตร จํานวน 3 ซ้ํา       

อยูในชวงรอยละ 88–114 ซึ่งเซ็นเซอรตรวจวัดสีที่พัฒนาขึ้นในลักษณะแผนบางนี้มีราคาประหยัดกวา

ชุดทดสอบไนไตรทที่จําหนายเชิงพาณิชย โดยมีราคาเพียง 1.25 บาท ตอเซ็นเซอร การวิเคราะห

ปริมาณของไนไตรทในตัวอยางจริง จํานวน 8 ตัวอยาง พบวา มีความเขมขนของไนไตรทตั้งแต 

0.04±0.02 ถึง 4.52±0.79 มิลลิกรัมตอลิตร โดยผลการวิเคราะหที่ไดแตกตางอยางไมมีนัยสําคัญทาง

สถิติกับวิธีมาตรฐานที่ระดับความเชื่อมั่นรอยละ 95 (p > 0.05)  ในขณะที่งานวิจัยที่สองไดพัฒนา

วัสดุดูดซับชนิดใหมสําหรับกําจัดฟอสเฟตในน้ําผิวดิน เนื่องจากสารฟอสเฟตเปนธาตุอาหารหลักอีก

ชนิดหนึ่งซึ่งมีความสําคัญและเปนสารมลพิษหลักในระบบนิเวศทางน้ําที่สงผลใหคุณภาพน้ําเสื่อม

โทรมรวมถึงเปนสาเหตุหลักของการเกิดสาหรายสะพรั่ง โดยวัสดุดูดซับชนิดใหมอาศัยหลักการ

ผสมผสานแคลเซียมซิลิเกตไฮเดรต ซึ่งมีประสิทธิภาพในการกําจัดฟอสเฟตในโครงสรางของวัสดุ    

ครัยโอเจลที่สังเคราะหจากแปงขาวเจาและแปงมันสําปะหลังเพ่ือลดการสูญหายของอนุภาคขนาด   

นาโนของแคลเซียมซิลิเกตไฮเดรต และทําใหการจัดการกับวัสดุดูดซับหลังการใชงานในตัวอยางจริง

งาย และสะดวกมากยิ่งขึ้น โดยปริมาณแคลเซียมซิลิเกตไฮเดรตที่เหมาะสมในการเตรียมตัวดูดซับ
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ผสมผสานดวยครยัโอเจล เทากับรอยละ 7.5 (รอยละของตัวดูดซับโดยน้ําหนัก) จากการศึกษา พบวา 

วัสดุดูดซับท่ีพัฒนาขึ้นนี้มีประสิทธิภาพในการกําจัดฟอสเฟตมากกวารอยละ 98 ในระยะเวลา          

2 ชั่วโมง และมีประสิทธิภาพในการดูดซับฟอสเฟต 65.42 มิลลิกรัมฟอสเฟตตอกรัมแคลเซียม        

ซิลิเกตไฮเดรต ทั้งนี้การศึกษาไอโซเทอมของการดูดซับเพื่อใชทํานายลักษณะการดูดซับ พบวา        

ไอโซเทอมของการดูดซับสอดคลองกับไอโซเทอมของฟรุนดิช (Freundlich isotherm) มากกวา      

ไอโซเทอมของแลงเมียร (Langmuir isotherm) แสดงใหเห็นวาลักษณะการดูดซับฟอสเฟตบนวัสดุ

ดูดซับที่พัฒนาขึ้นเปนการดูดซับแบบหลายชั้นหรือเปนการดูดซับทางเคมี ในขณะที่จลพนศาสตรของ

การดูดซับซึ่งศึกษาจากแบบจําลอง Pseudo–first order และ Pseudo–second order พบวา

สอดคลองกับแบบจําลอง Pseudo–second order ชี้ใหเห็นวา ขั้นตอนที่จํากัดอัตราการดูดซับของ

การดูดซับฟอสเฟตเกิดจากกระบวนการดูดซับทางเคมี และจากการศกึษาเทอรโมไดนามิกสการดูดซับ 

พบวา คาพลังงานกระตุน (Ea) มีคามากกวา 40 กิโลจูลตอโมล แสดงใหเห็นวากลไกการดูดซับของ

วัสดุที่พัฒนาขึ้นเปนการดูดซับทางเคมี ในขณะที่พารามิเตอรอ่ืน ๆ ประกอบดวย คาการเปลี่ยนแปลง

เอนทาลป (ΔHº) เทากับ 19.3 กิโลจูลตอโมล แสดงใหเห็นวากระบวนการดูดซับฟอสเฟตเปน

กระบวนการดูดความรอน และพบวามีความสามารถในการลอยอยูบนผิวน้ําไดมากถึง 105 วัน โดย

ตัวดูดซับที่พัฒนาข้ึนไมไดรับความเสียหายในระยะเวลาดังกลาว ทั้งนี้จากการศึกษาความสามารถใน

การยอยสลายทางชีวภาพของตัวดูดซับที่พัฒนาขึ้น พบวา ตัวดูดซับท่ีพัฒนาขึ้นสามารถยอยสลายทาง

ชีวภาพดวยวิธีการฝงดินตามวิธีมาตรฐานเกิดการยอยสลายทางชีวภาพในระยะเวลา 10 วัน งานวิจัย

ที่ถูกพัฒนาขึ้นนี้จะเปนประโยชนตอการใชงานดานสิ่งแวดลอม โดยเฉพาะอยางยิ่งในจังหวัดภูเก็ตที่มี

ปริมาณสารอาหารในระบบนิเวศทางน้ําเพิ่มสูงขึ้น อันเนื่องมาจากกิจกรรมของมนุษยตาง ๆ ที่นําไปสู

การเสื่อมสภาพของระบบนิเวศและกอใหเกิดปรากฏการณยูโทรฟเคชั่น 
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Abstract 

 

    This thesis focuses on the development of materials for environmental 

applications, especially for the detection and removal of nutrients in water sample. 

There are two researches including the development of colorimetric sensor           

based on mesoporous silica nanoparticles for nitrite detection and bio–adsorbent 

based on calcium silicate hydrate nanoparticles composite bio–cryogel for phosphate 

removal. For the first part of this work, a novel colorimetric sheet based on                         

Griess reagent–doped mesoporous silica nanoparticles was developed for nitrite 

detection since nitrite is an important indicator of water quality which can accelerate 

eutrophication and damage ecosystems. It can cause blue baby syndrome in infants 

and contribute to the formation of carcinogenic N–nitrosamines. Griess reagent was 

adsorbed on long–range ordered hexagonal mesoporous silica nanoparticles and 

developed ink–bottle pores with some disorder. When the modified nanoparticles 

were bound using starch to fabricate a thin (313 µm) colorimetric sheet, spherical 

particles with a rougher surface and some distortion of their mesoporosity were 

observed. The sheet was used in conjunction with digital image colorimetry (DIC) to 

provide a wide linear range (0.05 to 2.5 mgL–1) with a low nitrite detection limit       

(15 µgL–1–NO2
–, equal to 4.5 µgL−1 NO2

––N), good inter–day precision (1.93 %RSD), 

and excellent accuracy (2.67% relative error). The colorimetric sensors produced from 

the sheet costs only 0.04 USD each, while the DIC uses a standard smartphone for 

photography. It thus offers an easier and cheaper means of conducting rapid on–site 

analysis of nitrite in water with reliable quantitative results. For the second part of the 

thesis, a  novel calcium silicate hydrate composite cryogel (Cry–CSH) was 

successfully prepared for phosphate removal and recovery as phosphate is a major 

pollutant that deteriorates water quality and causes eutrophication. Calcium silicate 
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hydrate (C–S–H) was mixed with the gel precursor (7.5% w/w) prepared from native 

starch and limewater (saturated calcium hydroxide solution as the cross–linker). The 

mixture was frozen and thawed for 3 cycles giving an interconnected macroporous 

composite. This had C–S–H nanoparticles (75 mg) immobilized on a monolithic 

floatable cryogel network (2.5 cm diameter×1.0 cm height) enabling an easier 

recovery and without the losses that occur when using C–S–H nanoparticles.           

The phosphate adsorption reaches equilibrium at 120 min with adsorption capacity of   

2.50 mgPO4
3-/gCry-CSH (65.42 mgPO4

3-/gC–S–H) under optimum conditions. Adsorption 

equilibrium data were well fit by the Freundlich isotherm model, while kinetic results 

were well fit by the pseudo second–order model. The calculated activation energy (Ea) 

of 43.9 kJ/mol indicates chemical adsorption, while a positive change in enthalpy  

(ΔH0, 19.3 kJ/mol) indicates the endothermic nature of phosphate adsorption.        

Cry–CSH can remove phosphate from wastewater and effluent samples with excellent 

removal efficiency (> 98%). It can float on water surface for at least 105 days without 

damage, while its phosphate adsorbed form can be biodegraded within 10 days under 

soil buried conditions.  Both colorimetric sensor and bio–adsorbent developed in this 

research would be benefit for environmental applications, especially for Phuket that 

nutrients have increased in aquatic ecosystems due to various anthropogenic activities 

leading to deterioration of the ecosystem and can accelerate eutrophication. 
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The Relevance of the Research Work to Thailand 

 

This thesis focuses on the development of materials for environmental 

applications, especially for the detection and removal of nutrients in water sample.   

As Phuket and many regions of Thailand are facing with the problem involving the 

increasing of nutrients in aquatic ecosystems due to various anthropogenic activities 

leading to deterioration of the ecosystem and can accelerate eutrophication, the 

development of colorimetric sensor for on–site detection of nitrite would thus be 

benefit to Thailand as such pollutant would be rapidly detected with simple and 

accurate colorimetric test kit. That is, anyone can apply the developed test kit for 

monitoring the environmental pollutant that could help the government officers to 

look after the environmental situation. The development of bio–adsorbent for removal 

of nutrients in water samples is also benefit to Thailand to reduce contaminated 

nutrients in water. Since bio–adsorbent developed in this work could biodegrade in 

soil, the nutrients adsorbed bio–adsorbent could be further used as fertilizer.   
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1. Introduction 

 

  

1.1 Background and rationale 

 

  Water pollution issues are a major challenge that humanity is currently 

facing. It is the release of substances, e.g., chemicals, nutrients, microorganisms, into 

body of water leading to unsafe of water for human use and disrupts aquatic 

ecosystems. Nutrients are the most important chemical elements commonly found in 

water and the overabundance of them can have many harmful health and 

environmental effects. Nitrogen and phosphorus are two of the most important and 

abundant nutrients in water which occur naturally in soil and water, but most of them 

come from human activities, e.g., fertilizers, wastewater, automobile exhaust, animal 

waste. Since nitrogen and phosphorus are essential elements for life processes in 

water bodies, high loads can lead to increased primary production of biomass, oxygen 

depletion, and toxic algal blooms, namely eutrophication (Almanassra et al., 2020). 

Eutrophication is a serious environmental problem that has received substantial 

attention from the scientific community. It can cause the death of mollusks, fish, and 

other aquatic ecosystem inhabitants (Almanassra et al., 2020; Huong et al., 2019; 

Seliem et al., 2016). The algal growth in streams and rivers can cause blockages of 

water pipelines and turbines (Almanassra et al., 2021; Huong et al., 2019), while the 

presence of toxic red algae and dinoflagellates on the seashore can cause loss of 

income and economic disruptions (Almanassra et al., 2021; Huong et al., 2019)         

as well as affect human health (Almanassra et al., 2021).  

 Nitrogen nutrient is commonly applied for lawn and garden care and 

crop production. Bacteria convert various forms of nitrogen in the soil to nitrate  

(NO3
-) that is absorbed by plants and is converted to organic nitrogen. When organic 

nitrogen decomposes, it is converted to ammonia–N and then oxidized to           

nitrite–nitrogen and ultimately nitrate–nitrogen. Nitrite (NO2
−), a natural nutrient ion 

is a part of the nitrogen cycle, is derived from the degradation of organic compounds 

containing nitrogen, such as plant and animal proteins, and plays an important role in 
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the ecosystem. The concentration of nitrite is an important indicator of water       

quality and it is generally found in surface water at a low concentration                  

(0.07 mg L−1 NO2
−–N) because it is easily oxidized to nitrate. However, human 

activities, e.g., the use of synthetic fertilizers in agriculture and the discharge of 

chemical fertilizer or industrial waste, may increase the contamination of nitrite in 

water (Indyk and Woollard, 2011). Nitrite is thus dangerous as it can cause 

methemoglobinemia in aquatic animals (Jensen, 2003) and blue baby syndrome in 

infants (Bartsch, 1991; Hegesh and Shiloah, 1982; Knobeloch et al., 2000; Lundberg 

et al., 2004). Further, nitrite can also react with secondary and tertiary amines in the 

stomach causing carcinogenic N–nitrosamines (Honikel, 2008; Suzuki et al., 2003). 

Therefore, determination of the presence of nitrite is very important for both 

environmental protection and public health. 

 Phosphorus is one of the most essential nutrients and contributes to 

agricultural and industrial development. However, it may cause water pollution due to 

the continuous discharge of related pollutants into aquatic environment, leading to the 

deterioration in the quality of water resources. Phosphates are the most common form 

of phosphorus nutrients and is considered a major pollutant that deteriorates water 

quality. Orthophosphates are  the  most stable kind of phosphates which can exist in 

variety of species like orthophosphate/phosphate (PO4
3-), hydrogen phosphate  

(HPO4
2-), dihydrogen phosphate (H2PO4

-) and phosphoric acid (H3PO4) based on 

different pH values (Rout et al., 2021). Phosphate at concentrations between 25 μgL-1 

and 0.03 mgL-1 (Almanassra et al., 2020) or above 0.02 mgL-1 (Seliem et al., 2016) 

can cause eutrophication leading to loss of income and economic disruptions  

(Almanassra et al., 2021; Huong et al., 2019) as well as affect human health 

(Almanassra et al., 2021). 

 Therefore, the monitoring of nutrient contamination in water is very 

important. In addition, the removal of these pollutants may require to maintain their 

concentrations at a low level in water to mitigate and control eutrophication. In the 

first part of this work, a novel colorimetric sheet based on Griess reagent–doped 

mesoporous silica was thus developed for nitrite detection. Whereas, a novel starch 

based monolithic cryogel was composited with calcium silicate hydrate to develop      
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a floatable bio–adsorbent for phosphate removal and recovery in the second part of 

the work.  

 

 1.2 Objective 

  

 This thesis aimed to develop novel materials for environmental 

applications, especially for the detection and removal of nutrients in water sample.     

A simple colorimetric sensor based on nanoparticle materials was developed for rapid  

on–site detection of nitrite for the first part of the work, while calcium silicate hydrate 

(CSH) was composited with starch cryogel to develop floatable bio–adsorbent for 

phosphate removal.  

 

2. Result and discussion 

 

 

 2.1 Development of colorimetric sensor for nitrite detection.  

 

 Although accurate results for the analysis of nitrite have been reported 

using instrumental methods, including ion chromatography (IC) (Butt et al., 2001), 

capillary electrophoresis (CE) (Ishio et al., 2002), chemiluminescence (Lin et al., 

2011), and high–performance liquid chromatography (HPLC) (Kodamatani et al., 

2009), these methods required expert and complicated sample preparation procedures 

for analysis (Wang et al., 2017) and also suffer from not being suitable for on–site 

application.  A number of researchers have thus attempted to develop colorimetric 

sensors to facilitate on–site determination of nitrite. Griess assay seems to be the most 

widely used colorimetric method in the determination of nitrite as summarized in 

some reviews (Singh et al., 2019; Tsikas, 2007; Wang et al., 2017) due to its low cost, 

high sensitivity, high stability and robust performance (Beaton et al., 2011;     

Choodum et al., 2015). This assay is based on a diazotization reaction of nitrite with 

sulfanilamide in acidic conditions to produce diazonium cations, which are further 
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reacted with the aromatic amine, N–(1–naphthyl) ethylenediamine dihydrochloride 

(NED), giving azo dye products.  

 In this work, a novel colorimetric sheet based on Griess reagent–doped 

mesoporous silica was developed for nitrite detection to avoid the use of liquid 

reagents, making on–site analysis easier and safer. Mesoporous silica is a porous 

nanomaterial with a pore size in the range of 2–50 nm (Fotoohi et al., 2018). Due to 

its unique physiochemical properties, i.e., it has a large specific surface area and pore 

volume, and is highly porous, chemically inert and functionalizable, with tunable pore 

and particle sizes (Diagboya and Dikio, 2018; Hoang Thi et al., 2019; Jaroniec, 2006; 

Wang et al., 2015), it has been applied in various roles, including biomedical (Hoang 

Thi et al., 2019) and environmental (Da'na, 2017; Jaroniec, 2006) applications, and 

drug delivery (Wang et al., 2015). Because of the highly porosity of mesoporous 

silica, it is possible to adsorb Griess reagent and use it as a colorimetric sensor for the 

detection of nitrite in water. The colorimetric sensor developed in this work was used 

in conjunction with digital image colorimetry (DIC) rather than spectrophotometry to 

facilitate rapid on–site quantitative analysis. During imaging with a digital camera, 

the light reflected by the colorimetric product obtained from the colorimetric sensor 

passes through an RGB filter and splits into three components (i.e., 400–500,        

500–580, and 580–700 nm for the blue, green, and red filter, respectively)     

(Choodum et al., 2013). The separated wavelengths are then detected and recorded on 

an image sensor located behind each filter and the final color of the digital image is 

composed from the combined data from the three RGB filters. When the digital image 

is analyzed by a color analysis program, the individual RGB data recorded are 

obtained, representing the total photons in each region of the spectrum and can be 

used as analytical data for quantification.  

 

 2.1.1 Preparation and characterization of silica nanoparticles 

  Mesoporous silica nanoparticles were synthesized by the sol–gel 

method (Boos et al., 2002; Vazquez et al., 2017) using TEOS as a silica precursor in 

alcohol solution (ethanol) under basic conditions (NaOH) in the presence                  

of a surfactant (CTAB). CTAB surfactant (1.64 g) was added to sodium hydroxide 
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solution (0.1 M, 60 mL) under stirring and heated at 60C for 1 h. After cooling to 

room temperature, ethanol (13.20 mL) was then added into the solution. Alkoxide 

precursor, TEOS (5.56 mL), was then added causing the solution to immediately 

become opaque with the start of the reaction. The solution was further stirred for 24 h 

allowing the reaction to be completed. The resulting white precipitate was then 

filtered, washed with ultrapure water, and dried at 110C overnight. The particles 

were then calcined at 550C for 10 h and stored in a desiccator prior to use. 

 The results from BET analysis using surface area and porosity analyzer 

(ASAP2460, Micromeritics) showed that the nanoparticles prepared had an average 

pore size of 2.8 nm with a multipoint specific surface area of 1208 m2g−1 and a pore 

volume of 0.84 mLg−1. These were very similar to those reported in previous work as 

having been synthesized using a similar procedure with a surface area of 1200 m2g−1 

with a 2.4 nm pore diameter (Boos et al., 2002). In addition, the nanoparticles 

exhibited a typical type IV adsorption isotherm (Fig. 1a) corresponding to those        

in previous reports (Boos et al., 2002; Shin et al., 2018; Vazquez et al., 2017;             

Wei et al., 2013) where the capillary condensation of  N2 within a pore occurred 

above P/P0 = 0.3 indicating the presence of ordered hexagonal mesopores       

(Vazquez et al., 2017; Wei et al., 2013). A parallel H4 hysteresis loop indicated a 

narrow slit–like pore or hollow spheres with walls composed of ordered mesoporous 

silica.  Moreover, the narrow pore size distribution (Fig. 1b) indicated a significant 

presence of mesopores with a homogeneous pore size (Shin et al., 2018;          

Vazquez et al., 2017; Wei et al., 2013) of about 2.44 nm similar to those in a previous 

report (i.e., 2–3 nm) (Vazquez et al., 2017).  
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Figure 1    (a) The BJH nitrogen adsorption/desorption isotherm (b) the BJH pore size 

distribution of prepared silica nanoparticles. 

 

 The FESEM images from a field emission scanning electron 

microscope (FESEM, Apreo, FEI) of the prepared silica nanoparticles showed an 

agglomeration of  spherical nanoparticles with a rough external surface (Fig. 2a).       

In order to characterize them in more detail, the silica nanoparticles were imaged by 

TEM as shown in Fig. 3. The micrograph confirmed their spherical shape and 

demonstrated a variety of particle sizes between 200 and 600 nm (Fig 3a). At high 

magnification (Fig. 3b) the TEM image also confirmed the presence of a hexagonal 

array and ordered mesopores with a honeycomb structure.  
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Figure 2 FESEM images of prepared silica nanoparticles (a), GMSP (b), GMSS 

(c), and crosssection (d) of GMSS showing the thickness of the sheet. 

 

Figure 3 TEM images of prepared silica nanoparticles (a, b), GMSP (c, d), and 

GMSS (e, f).  
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  In addition, the porous structure of the prepared particles was 

investigated using XRD  (X–ray Diffractometer (Empyrene, PANalytical). The 

powder’s XRD pattern (Fig. 4a) revealed diffraction peaks in lower 2Ɵ angles 

indicating the hexagonal structure (Ferreira Soares et al., 2015; Wei et al., 2013; 

Zhang et al., 2015). Absorption peaks were observed at 2Ɵ values of 0.60º, 1.80º, and 

4.58º (broad peak) with d–spacing of 17.1, 5.29, and 1.96 nm, respectively, which 

could be indexed to the (100), (110), and (200) planes of the porous structure, 

respectively, indicating the long–range order of the hexagonal structure (Ferreira 

Soares et al., 2015; Wei et al., 2013; Zhang et al., 2015).   

 

 

Figure 4 XRD patterns of mesoporous silica nanoparticles, GMSP, and GMSS. 

  

  The FTIR spectrum using Fourier transform infrared spectrophotometer 

(FTIR, Vertex70, Bruker) was used to investigate their functional groups using the 

KBr pellet method of the prepared silica nanoparticles as shown in Fig. 5a. The large 

absorption band at 3454 cm–1 was attributed to the stretching vibration of the O–H 

groups of mesoporous silica (Kachbouri et al., 2018), while the small peaks at 2925, 

2854, 1462 cm–1 were associated with symmetrical and asymmetrical stretching of the 

CH2, CH3, CH3–(N+) groups, respectively, of CTAB residues (Boos et al., 2002;   

Silva et al., 2019). An intense band of asymmetric Si–O–Si stretching was observed at 
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1085 cm–1, while the peaks at 969 cm–1 and 800 cm–1 corresponded to the vibration of 

free Si–OH and Si–O–Si bending, respectively (Boos et al., 2002; Kachbouri et al., 

2018; Khan et al., 2020; Nakanishi et al., 2015).  Finally, the band at 1637 cm–1 was 

attributed to the bending vibration of O–H groups from water molecules physically 

absorbed in the silica (Khan et al., 2020). 

 

 

Figure 5 FTIR spectra of prepared silica nanoparticles (a), GMSP (b), and      

GMSS (c). 

 

 2.1.2 Preparation, optimization and characterization of colorimetric 

sensor 

 Preparation colorimetric sensor developed in this study was based on 

the adsorption of Griess reagent on mesoporous silica nanoparticles. The ingredients 

for fabricating the nitrite sensor were optimized to obtain the formulation that 

produced the darkest color product from nitrite using the least amount of chemicals. 

The Griess–adsorbed silica can be used as a colorimetric sensor, in the form of both 

particles (Griess–adsorbed mesoporous silica particles: GMSP) and as a thin sheet 

(Griess–adsorbed mesoporous silica sheet: GMSS). 

The GMSP were prepared by the adsorption of Griess reagent onto 

mesoporous silica nanoparticles. The GMSP preparation was optimized by 

formulating the Griess reagent that could be adsorbed onto the silica nanoparticles and 

produce the darkest color product when exposed to nitrite, using the least possible 

amount of chemicals. To that end, the amount of sulfanilamide used in formulating 
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the Griess reagent was varied between 50 and 500 mg, the amount of NED was varied 

between 5 and 50 mg, and the volume of     85% phosphoric acid was varied between 

1.0–2.0 mL. Increasing the amount of sulfanilamide from 50 to 500 mg produced 

nanoparticles that provided a slightly darker red–violet product on exposure to nitrite, 

resulting in slightly decreased image intensities (Fig. 6a), thus 200 mg sulfanilamide 

was chosen as the optimum value. Meanwhile, increasing the amount of NED from     

5 to 10 mg produced nanoparticles that provided a darker, less intense product but the 

intensity was constant with further increases in the NED content between 20 to 50 mg 

(Fig. 6b). This indicated that 10 mg NED was sufficient to detect a nitrite solution 

with a concentration of 1 mgL–1. Decreased intensity was observed with increases in 

the volume of phosphoric acid from 1.0 to 1.25 mL but thereafter, the intensity 

increased only slightly with further increases in the volume of phosphoric acid from 

1.5 to 2.0 mL (Fig. 6c). Therefore, the optimum formulation for the Griess reagent 

was determined to be 200 mg sulfanilamide, 10 mg NED, and 1.25 mL 85% 

phosphoric acid in 10 mL ultrapure water. A 10 mL volume of the reagent was mixed 

with 0.5 g of the mesoporous silica nanoparticles and stirred for 2 h to allow complete 

adsorption by the nanoparticles which were then filtered out using a vacuum pump to 

obtain white nanoparticles of GMSP.  

 

 

Figure 6 The influence of (a) amount of sulfanilamide (b) amount of NED (c) 

volume of phosphoric acid on RGB intensities of color product. 
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  The results from BET analysis  of the GMSP showed an obvious 

reduction in the specific surface area to 137 m2g−1 with a lower pore volume of 0.20 

mLg−1 due to the adsorption of Griess reagent on the surface of the mesoporous silica, 

which favored pores with a small size. This led to an increase in the average pore size 

to 5.9 nm compared to 2.4 nm in the parent silica. However, it is to be noted that the 

temperature used to degas the GMSP before analysis (105C for 24 h) was less than 

that used in the parent silica (250C for 20 h) which may have contributed to physical 

adsorption of stranger on the GMSP pores. The GMSP exhibited a typical type IV 

adsorption isotherm of N2, indicating the remaining of mesopores from the parent 

silica. However, it revealed a parallel H2 hysteresis loop (Fig. 7a) instead of an H4 

hysteresis loop as observed in the parent silica, indicating ink–bottle pores                 

(a pore mouth smaller than the pore body) (Sing and Williams, 2004; Thommes et al., 

2006). This result suggested that the Griess reagent was absorbed at the mouth of the 

silica mesopore. The pore size distribution (Fig. 7b) displayed pores of 1.5, 1.7, 2.9, 

3.4, and 5.4 nm implying that the GMSP have a polymodal nanostructure, mainly due 

to their disordered mesoporous structure (Li et al., 2006). Spherical particles of size 

400–1000 nm were observed in the GMSP with a rougher external surface area than 

that of the parent silica (Fig. 2b). TEM micrographs confirmed that GMSP maintained 

its spherical shape but the particles were larger at around 800 nm (Fig. 3c), however 

the ordered structure of the parent silica seemed to be changed by the adsorption of 

the Griess reagent (Fig. 3d). The strong peak in diffraction intensity observed at 4.58 

in the parent silica also clearly reduced, indicating some extent of disorder, although 

the diffraction peaks of (100) and (110) were still present at 0.51 and 1.42, 

respectively (Fig. 4b). This confirmed that the GMSP preserved its mesoporous 

structural order after the adsorption of Griess reagent, but some disorder also occurred 

(Taqanaki et al., 2019; Zhang et al., 2015).    
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Figure 7 (a) The BJH nitrogen adsorption isotherm (b) pore size distribution of 

GMSP using the non–local density functional theory (NLDFT) model. 

 

  The FTIR spectra of the GMSP showed a shift in the absorption band 

at 3454 cm–1 in the parent silica to 3425 cm–1 and it became broader after the 

adsorption of Griess reagent (Fig. 5b). The O–H groups of the parent silica 

(Kachbouri et al., 2018) may overlap with the O–H from the phosphoric acid and     

N–H group from the NED and sulfanilamide (Lahtinen et al., 2014). The small peaks 

at 2923, 2855, 1463 cm–1 of the CTAB residues from the mesoporous silica                

(Boos et al., 2002; Silva et al., 2019) remained in their positions. Although the 

vibration band of O–H bending from water molecules which was present in the parent 

silica at 1637 cm–1 (Ls, 2019) seemed to remain in the same position, it may overlap 

with the C=O stretching (Lahtinen et al., 2014) or NH2 scissoring (Topacli and 

Kesimli, 2001b) of the sulfanilamide. Similarly, the intense band of Si–O–Si and    

Si–OH vibration observed in the parent silica at 1085 cm–1 and 969 cm–1              

(Boos et al., 2002; Kachbouri et al., 2018; Khan et al., 2020; Ls, 2019) may overlap 

with the SO2 symmetric stretching of the sulfanilamide (which commonly appears      

at 1150 ± 15 cm–1) (Topacli and Kesimli, 2001b) and was observed at 1091 and 1161 

cm–1 in the GMSP. Finally, a band observed at 2384 cm–1 was associated with the 

vibration of the NED functional groups. The GMSS was prepared by binding the 

GMSP with starch in the presence of acetone. The starch solution was prepared by 
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gelatinizing cassava starch (1% w/v) in ultrapure water at 90C under  continuous 

stirring until a clear viscous  solution was obtained. Then 0.50g of GMSP was mixed 

with the starch solution (5 mL) under magnetic stirring to ensure a homogeneous 

distribution before the addition of acetone solution (2 mL), and the mixture was 

further stirred for 3–5 min. The slurry (100 µL) was then deposited on the flat cap of a 

1.5 mL centrifuge tube and incubated at 100C for 15 min. After cooling to room 

temperature, the sensors were immediately vacuum sealed in packs of three in an 

opaque foil bag and stored in a refrigerator for further use.  

    Increasing the concentration of starch solution from 1−5% w/v 

provided a paler red−violet product resulting in an increase in intensity (Fig. 8a). 

Because a constant volume of 100 µL of the GMSS and starch mixture were used to 

fabricate the thin film, when the concentration of the starch was increased, the amount 

of GMSP in the slurry decreased and so reduced the red−violet product. Therefore, a 

starch solution of 1% w/v was selected as the binder. Similar results were obtained by 

increasing the amount of the starch solution from 1−5 mL with a paler red−violet 

product being obtained resulting in increased intensity (Fig. 8b). However, the use of 

a lower amount of binder made the film more brittle and 5 mL was the lowest volume 

of starch with which the colorimetric film could be fabricated. Therefore, 0.50 g of 

the GMSP was homogeneously mixed with 5 mL starch solution (1% w/v) under 

magnetic stirring before the addition of the acetone solution. The slurry (100 µL) was 

then deposited on the flat lid of a centrifuge tube and incubated at 100C for 15 min, 

to produce a white sheet of GMSS with a thickness of 313 µm (Fig. 2d).  
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Figure 8 The influence of (a) amount of starch (b) volume of starch on RGB 

intensities of color product. 

 

     The results from the BET analysis of the GMSS showed a lower pore 

volume of 0.15 mLg−1 than the GMSP, as well as the parent silica, due to the binding 

of the GMSP in a starch film, indicating that the starch may fill the pores of the 

GMSP. Its specific surface area (168 m2g−1) was less than that of the parent silica 

(1200 m2g−1), but was slightly higher than that of the GMSP (137 m2g−1). The average 

pore size of the GMSS (3.7 nm) was bigger than that of the parent silica (2.8 nm), but 

smaller than that of the GMSP (5.9 nm). It seems that some of the Griess reagent 

adsorbed on the small pores of the silica in the GMSP may desorb and dissolve in the 

starch solution before coating the silica particles of the GMSS as a thin film, resulting 

in a decrease in the average pore size of the GMSS compared to the GMSP. This 

result corresponded to the maintenance of a type IV adsorption isotherm of N2 on the 

GMSS with a parallel H4 hysteresis loop (Fig. 9a) as in the parent silica. The pore 

size distribution of GMSS (Fig. 9b) was narrower than that of GMSP but continued to 

show a polymodal nanostructure, indicating a disordered mesoporous structure         

(Li et al., 2006).  
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Figure 9 (a) The nitrogen adsorption isotherm (b) pore size distribution of GMSS 

using the NLDFT model. 

 

     The FESEM images of the GMSS showed rougher particles than the 

GMSP and parent silica, while the particles spherical shapes could still be observed 

with a size of 1 µm (Fig. 2c). The TEM micrographs also confirmed the spherical 

shape of the particles in the GMSS (Fig. 3e) with some distortion of its mesoporosity 

similar to that of the GMSP (Fig. 3f). The XRD pattern of the GMSS at a low angle 

was also similar to that of the GMSP (Fig. 4c) confirming its mesoporous silica 

characteristic with some disorder.  

       The presence of starch in the GMSS made a large absorption band of  

O–H stretching at 3425 cm–1 in the GMSP become broader and shifted toward a lower 

frequency (3341 cm–1; Fig. 5c), while it commonly present at 3280 cm–1 in starch 

(Boonkanon et al., 2020). The band of NED functional groups observed at 2384 cm–1 

in the GMSP had shifted to 2325 cm–1 in the GMSS. The intense band of Si–O–Si 

stretching observed at 1085 cm–1 in the silica, which shifted to 1091 cm–1                   

in the GMSP may overlap with the C–O vibration peaks of amylopectin in the starch 

and had shifted to 1051 cm–1 in the GMSS. The SO2 of the sulfanilamide          

(Topacli and Kesimli, 2001a) present at 1161 cm–1 in the GMSP remained in a similar 

position at 1158 cm–1 in the GMSS. 
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 2.1.3 Colorimetric test and DIC for quantification of nitrite 

 The colorimetric tests of nitrite using GMSP and GMSS were 

conducted using sodium nitrite as a nitrite standard. A stock solution (100 mgL−1) was 

prepared by dissolving sodium nitrite in ultrapure water, which was further diluted 

with ultrapure water to appropriate concentrations (0–1 mgL−1) as standard working 

solutions. For testing, the GMSP were directly added into the standard solution in a 

vial (2 mL), while 100 µL of standard solution was dropped on the GMSS and left for 

an appropriate time to allow the diazotization reaction to take place. Three 

replications were conducted at each nitrite concentration.  

   The colorimetric test of the GMSP with nitrite standard solution 

provided a red–violet product (Fig. 10a) based on the reaction of the Griess reagent 

adsorbed on the mesoporous silica and the nitrite ions in the sample solutions. Those 

ions reacted with the sulfanilamide in the acidic conditions, forming diazonium 

cations, which then reacted with NED to form azo dye (Choodum et al., 2015; Tsikas, 

2005). This product occurred within the layers of GMSP at a high concentration         

of nitrite (> 25 mgL–1), but dissolved out into the solution at a low concentration. This 

contributed to a gradient concentration and size of the nitrite molecules. The diffusion 

flux of the nitrite ions from their solution into the GMSP at a high concentration was 

faster than at a low concentration causing the amount of Griess reagent at a high 

concentration of nitrite to rapidly reduce when the colorimetric reaction occurred. 

This caused the concentration gradient of the Griess reagent on the GMSP to be very 

low, leading to less diffusion to the solution. The colorimetric product thus occurred 

on the GMSP only. In contrast with a low concentration of nitrite a slower diffusion 

flux of nitrite occurred, and some of the Griess reagent desorbed from the silica 

particles and reacted with the nitrite in the solution. However, the red−violet product 

at a low concentration of 0.25 mgL–1–NO2
– (0.08 mgL–1 NO2

–−N) could be clearly 

observed with the naked eye, indicating good sensitivity for nitrite detection by the 

GMSP.  
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Figure 10 The colorimetric products of (a) GMSP and (b) GMSS from testing with 

nitrite at various concentrations. 

 

 A darker product was also obtained with increasing concentration        

of nitrite (Fig. 10b) for GMSS. A red–violet product occurred immediately after 

testing which reached equilibrium after 3 min (Fig. 11a). This was more rapid than the 

EPA 1686 standard method based on the same reaction (10 min) (WHO,2011) and a 

previous study based on a nitrosation reaction (30 min) (Aydın et al., 2005). 

 

Figure 11  The influence of (a) reaction time (b) pH of nitrite ions on RGB intensities          

of color product by GMSS sensor. 
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  The influence of pH on the intensities of the colorimetric product was 

also investigated, since acidic conditions were required for the Griess reaction. 

Standard solutions of sodium nitrite (1 mgL–1) with pH levels adjusted to between       

1 and 9 were tested with the GMSS. The results showed that the intensity of the green 

light from the digital image of the red–violet product decreased with pH levels of 1 to 

3 and thereafter became constant (Fig. 11b), indicating that the reaction is able to 

occur effectively when the pH of the solution has a pH in the range of 3 to 9. Since 

the EPA standard method (Topacli and Kesimli, 2001b) recommends a pH of 5 to 9 

for the analysis of nitrite, pH 6 was selected in the analysis of nitrite in the sample of 

seawater, which commonly has a pH of 6 to 7. When the standard or sample adjusted 

to pH 6 was dropped on the GMSS, the pH reduced to 2 as the GMSS contained 

phosphoric acid and the reaction thus occurred in acidic conditions. This 

corresponded to a previous work in which the reaction of a Griess–modified 

polyethylene glycol hydrogel occurred at pH 2 (Nam et al., 2018). 

    The GMSS was used to evaluate the performance in quantifying nitrite 

since it requires only 100 µL of the sample or standard compared to GMSP which 

requires 2 mL. The DIC was applied after colorimetric testing for quantitative 

analysis. A custom–built RGB photographic box (8.5×9.5×6.25 inch) modified from 

previous work (Choodum et al., 2017) was used to eliminate any effects of 

environmental light. Three GMSS sensors were placed in sample holders inside the 

box, while an iPhone 7.0 was then positioned above an opening on the top of the box. 

Six images of the colorimetric products were then taken using the digital camera of 

the iPhone (12MP, backside illuminated CMOS). The aperture, illumination, and 

photo settings were fixed as follows: f /1 .8 aperture, 1 /18 s exposure time, ISO 20, 

flash off, automatic white balance, HDR off, to achieve reproducible results. The 

images were saved as JPEG files (24–bits, 1.31 MB, 3024×4032 pixels) to the 

iPhone ’s memory before being transfer to a computer for color analysis . A custom–

built RGB analysis program (Boonkanon et al., 2020; Choodum et al., 2016; 

Choodum et al., 2017) was then used to analyze the average intensities of the RGB 

values of the color products from the six images from each of the three sensors used 

as a single data point for each standard concentration, from which calibration curves 

were established.  
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  The relationship between the RGB intensities, IR, IG, IB, and 

concentrations of nitrite between 0 and 100 mgL−1 are shown in Fig. 12a. The results 

showed that the intensities of IR and IB were higher than that of IG, indicating the 

appearance of the red–violet product which reflects red and blue light while absorbing 

green light (500–580 nm). This result corresponded to the spectrophotometric results 

in which the maximum absorption of the red–violet product was obtained at 543 nm, 

while the literature has variously reported absorption at 540 nm (Wang et al., 2017), 

543 nm (Pasquali et al., 2010), and 548 nm (Nam et al., 2018). The RGB intensities 

decreased when the concentration of nitrite was increased because darker products 

were obtained at higher concentrations. The change in IG was much higher than those 

in IB and IR indicating that most of the green light was absorbed, resulting in the    

red–violet product. The linear portion of IG and IB observed in the range                    

of 0.05 to 1.0 mgL–1 could be applied in the quantitative analysis of nitrite although 

the use of IG is recommended as higher sensitivity was obtained. The relationship 

between IG /ITotal (IR+IG+IB) and the concentration of nitrite was also investigated 

to minimize the influence of the imaging conditions (Li et al., 2016) and a wider 

linear range of 0.05 to 2.5 mgL–1 was observed (Fig. 12b).        

 

Figure 12  Relationships between (a) the concentration of nitrite and RGB intensities         

(b) IG/ITotal from color products. 
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The analytical performance and method validation where the DIC 

calibration curve for quantitative analysis of nitrite was established by plotting the 

analyzed RGB intensities of the digital image of the color products against the 

concentrations of nitrite (0 to 100 mgL−1). The linear portion was selected for 

quantitative analysis by considering the widest concentration range of nitrite that 

provided linearity (R2) > 0.99. Intra–day precision in terms of percentage relative 

standard deviation (%RSD) was investigated by testing three GMSS sensors in the 

same day. The same experiments were performed on five consecutive days for inter–

day precision. The accuracy in terms of the percentage relative error (%RE) was 

evaluated by analyzing the nitrite standard at a known concentration (0.75 mgL−1) 

against the established calibration curve. The detection limit was determined based on 

the IUPAC guidelines by testing ultrapure water using 12 GMSS sensors. After their 

digital images were analyzed, the standard deviation of the RGB intensities was used 

to calculate the LOD as 3SD/slope of the calibration graph (m) (Danzer and Currie, 

1998). This result show system performance and method validation of analytical 

performance of GMSS and DIC for the analysis of nitrite was investigated. Since the 

red–violet product specifically absorbed the light at 543 nm, the IG presented the 

highest sensitivity (70 ± 2 a.u.Lmg−1) with good linearity (R2 = 0.9968). The linear 

range of the IG relationship was in the range of 0.05 to 1.0 mgL–1, while the limit of 

detection (LOD) and limit of quality (LOQ) were found to be    40 ± 8 µgL−1 and 120 

± 30 µgL−1–NO2
–, respectively (equal to 12.2 and 36.5 µgL−1 NO2

––N, respectively). 

These are lower than the concentration limits for drinking water suggested by the US 

Environmental Protection Agency (1 mgL−1) EPA, 1987 and the World Health 

Organization (3 mgL−1 for short term, and 0.2 mgL−1 for long–term exposure)     

WHO, 2003. A wider linear range was obtained from IG/ITotal (0.05 to 2.5 mgL–1) 

with a lower LOD of 15 µgL–1 and an LOQ of 50 µgL–1 (equal to 4.6 and 15.2 µgL−1 

NO2
––N, respectively). The colorimetric test using GMSS also provided good 

accuracy from quantifying control samples (0.75 mg L−1, n = 3) with a 2.67 % relative 

error, while the %recovery of spiked water samples (ultrapure, tap, and seawater 

samples collected from a source far from human activities) were in the range of       

88–114 % (Table 1). Good intra–day precision of 1.30%RSD from nine GMSS 

sensors was obtained while the analysis of nitrite using 15 GMSS sensors               
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over five days provided 1.93%RSD. When the cost of the GMSS as a nitrite sensor 

was considered, one sheet costs only 0.75 THB (0.02 USD), while each sensor (thin 

sheet and flat cap) costs ~1.25 THB (0.04 USD) which is much cheaper than other 

commercially available test kits, e.g., Nitrite Chemical Test Kit HI3873,  

(0–1 mgL–1) which costs 36 USD/100 tests and Nitrite Low Range Checker HI707–25 

(0–600 µgL–1) which costs 13 USD/25 tests. 

 

Table 1 Recovery test from spiked control samples. 

 

 

 2.1.4 Influence of coexisting ions and matrix effect 

The feasibility influence of coexisting ions and matrix effect from 

other substances on nitrite testing using GMSS was investigated. Several possible 

substances present in sea water which might interfere with the reaction with nitrite 

were tested with GMSS at concentrations of 10,000 mgL–1 with the pH adjusted to 6. 

These comprised Na+, Mg2+, Ca2+, Cu2+, Ni2+, Pb2+, Zn2+, F–, Cl–, OH–, NO3
−, CO3

2–, 

and SO4
2– (Mehmeti et al., 2016). Red–violet product was observed only from      

nitrite ions even at a much lower concentration (1 mgL–1), while no color change               

Samples Nitrite added 

(mg L–1) 

Nitrite found 

(mg L–1) 

Recovery 

(%) 

Ultrapure water 0 0 - 

 0.5 0.57±0.05 114±12 

 1.0 0.99±0.01 99±1 

Tap water 0 0 - 

 0.5 0.44±0.03 88±10 

 1.0 1.08±0.05 108±4 

Sea water 0 0.005±0.02 - 

 0.5 0.57±0.05 113±6 

 1.0 0.94±0.09 94±12 
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was observed from any of the other ions (Fig. 13). A possible coexisting interference 

effect was also evaluated by adding each ion at a concentration of 10,000 mgL–1 to      

a nitrite standard solution with a concentration of 0.5 mgL−1 and adjusting the pH to 6 

before testing with GMSS. The IG of the digital images of the products showed 

changes in the range of 0.01–4.69 % (Table 2), indicating good selectivity of GMSS 

for nitrite. The influence of the seawater matrix was evaluated using seawater 

sampled from the Andaman Sea far from human activity (1 km from He Island, 8 km 

from Chalong Pier, Phuket province, Thailand). The seawater was used to prepare 

nitrite standard solutions at various concentrations (0–1 mgL−1, adjusted to pH 6) 

instead of ultrapure water. The sensitivity of the standard graph from using seawater 

was compared to that using ultrapure water. The effect of the seawater matrix was 

also evaluated by using seawater which was expected to be a non–nitrite containing 

sample, to prepare working standard solutions and comparing the results with those 

from using ultrapure water for both the GMSS and standard methods. The sensitivity 

of the IG from for nitrite using seawater was different from that using ultrapure water 

by 3.18% for the GMSS method (Fig.14a) and 0.27 % for the standard method       

(Fig. 14b). 

 

 

 

Figure 13 Color products obtained from testing various ions (10,000 mgL–1) and 

nitrite (1.00 mgL–1) using GMSS. 
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Figure 14  Standard graphs obtained from testing nitrite solution prepared using 

seawater (a) developed method (b) standard spectrophotometric method. 
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Table 2 Concentration of coexisting ions and the change of IG response 

(concentration of nitrite at 0.50 mg L−1).   

 

 

 2.1.5 Real sample analysis 

In this work, colorimetric sensor was applied for monitoring nitrite in 

water. Therefore, the GMSS and DIC for on–site quantitative analysis was also 

evaluated. Since the DIC requires a custom–built RGB analysis box to eliminate any 

effects from environmental light, this box was used outside the laboratory to 

investigate the influence of environmental light. The results showed that the RGB 

intensities remained unaffected by external lighting being on or off (Fig. 15), 

indicating that external light had no measurable effect on the system developed, 

which can thus be used for on–site quantitative analysis of nitrite. 

Ion interference Concentration interference (mg L−1) % change of IG 

Cu2+ 10,000 –4.69 

K+ 10,000 –0.78 

Zn+ 10,000 2.19 

Na+ 10,000 –3.92 

Ca2+ 10,000 1.71 

Mg2+ 10,000 –3.52 

Ni2+ 10,000 –4.29 

Pb2+ 10,000 –3.22 

F– 10,000 3.78 

NO–
3 10,000 –2.60 

Cl– 10,000 2.87 

OH– 10,000 –0.73 

CO3
2– 10,000 –4.19 

SO4
2– 10,000 –0.01 

 



   25 
  

 

Figure 15 RGB intensities of color product photographed in various external light 

conditions using a custom–built RGB analysis box. 

 

The real sample analysis of GMSS and DIC were applied to investigate 

nitrite contamination in seven seawater samples randomly collected from Kalim and 

Tri Trang Beaches (Phuket, Thailand; Fig. 16) which is often found to suffer from 

eutrophication, as well as an effluent sample from a hotel treatment plant at Kalim 

Beach (K1). The samples were kept in polyethylene bottles without airspace 

HELCOM, 2017 and stored in ice in a styrene foam box. They were then filtered 

through a 0.20 µm cellulose acetate membrane and the pH adjusted to 6 before being 

tested with the GMSS/DIC method developed within a few hours. All the samples 

were also analyzed using the standard method for nitrite detection using a 

spectrophotometric for comparison EPA, 2001.  
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Figure 16  Sampling points for real samples.  

 

The result of real sample analysis using GMSS and DIC are shown in 

Table 3. The highest concentration of nitrite of 4.52 ± 0.79 mgL−1 was found in the 

effluent from the hotel treatment plant at Karim Beach (K1), while the concentration 

of nitrite at K2 (0.13 ± 0.02 mgL−1) was lower than at K1, but higher than at K3, 

where the effluent was diluted by seawater. No effluent from the hotel treatment plant 

at Tri Trang Beach, could be collected on the day of sampling, however nitrite was 

found in seawater samples collected at T3 and T4 located near municipal and hotel 

treatment plants at levels of 0.11±0.04 and 0.14±0.06 mgL–1, respectively. The results 

obtained using GMSS were not significantly different from those obtained            

using the standard spectrophotometric method at the 95% confidence level   

(calculated t–value = 0.893, critical t–value = 2.776, degrees of freedom = 4). 
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Table 3  Concentration of nitrite in seawater collected from Kalim and Tri Trang 

Beach, Phuket. 

nd, no detectable 

 

2.1.6 Stability of GMSS 

 

The stability of the sensors, a quantity of 135 GMSS sensors was 

prepared in a single batch for stability testing. Three sensors were tested with nitrite 

standard solution (0.5 mgL−1) on the day of preparation, while the remaining 132 

sensors were kept to evaluate their stability. They were vacuum sealed in packs of 

three (44 packs in total) and kept in three different conditions, consisting of storage in 

a refrigerator at 4 °C, a desiccator (Acrylic D50–A, Northman, Thailand), and at 

ambient conditions. One pack (three sensors) was taken from each condition for 

testing with nitrite standard solution every day for a week, and then their performance 

was monitored on a weekly basis for 3 weeks, then after 2, 3, 6, and 12 months of 

storage. The results of the stability evaluation showed that the color intensity resulting 

from nitrite testing (IG, 0.5 mgL–1) changed by +5.5%, –25.9%, and –24.1% after 

storage in a refrigerator, desiccator, and ambient conditions, respectively, for 3 

months. After 1 month of storage in a desiccator, the color intensity from the GMSS 

Sample Concentration (mgL-1) 

Developed method Spectrophotometric method 

K1 4.52 ± 0.79 4.11 ± 0.87 

K2 0.13 ± 0.02 0.20 ± 0.04 

K3 nd nd 

T1 0.08 ± 0.00 nd 

T2 0.07 ± 0.02 0.12 ± 0.02 

T3 0.11 ± 0.04 0.15 ± 0.06 

T4 0.14 ± 0.06 0.17 ± 0.07 

T5 0.04 ± 0.02 nd 
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decreased by only 8.3 %, while the IG of those kept for 1 month at ambient conditions 

decreased by 15 % indicating that it was less stable when kept under those conditions. 

Thus, it is recommended that GMSS should be kept in a refrigerator where an 

increase in color intensity of 12.6% was found after one year’s storage (Fig. 17).     

 

Figure 17  RGB intensities of GMSS stored in refrigerator at various storage times. 

 

 2.2 Development of bio–adsorbent for phosphate removal 

  

 In this study, a novel starch based monolithic cryogel was composited 

with calcium silicate hydrate to develop a floatable bio–adsorbent for phosphate 

removal and recovery. Calcium silicate hydrate (C–S–H) is a semi–crystalline 

material and is the main component in Portland cement  (Yoobanpot et al., 2017) that 

has been reported to remove phosphate by crystallization (Lee et al., 2018; Okano et 

al., 2016; Zhang et al., 2019). Its structure is constituted by distorted central Ca–O 

sheets with silicate tetrahedral chains flanking on each side (Franceschini et al., 2007) 

and usually it coexists with other crystal phases, e.g., calcium hydroxide (Ca(OH)2) 

and unreacted phases (Li et al., 2017). C–S–H can dissociate into calcium and silicate 

in water, and these aggregate or grow hydroxyapatite crystals with phosphorus on 

their surfaces (Okano et al., 2015). Since C–S–H would act as the calcium ion donor 

and the pH adjuster at the same time in the recovery process, it has been reported to 
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be a phosphorus recovery material in biological wastewater treatment process with 

excellent biocompatibility and biodegradability (Lee et al., 2018; Okano et al., 2016; 

Zhang et al., 2019). It also exhibits better settleability than conventional calcium 

compounds with high capacity to crystallize with soluble phosphorus forms that can 

be used directly as fertilizer (Lee et al., 2018; Okano et al., 2015; Okano et al., 2013).  

 Various forms of C–S–H have been reported for phosphate removal 

and recovery. Porous C–S–H exhibits stronger capacity of calcium ion release than 

crystalline C–S–H as well as higher phosphate species recovery performance (Chen et 

al., 2009; Guan et al., 2013). C–S–H gel, metastable with respect to crystalline          

C–S–H, is supposed to have higher calcium ion releasing ability than crystalline       

C–S–H due to its higher solubility (Maeda et al., 2018), although its removal 

efficiency is slightly lower than that of Ca(OH)2 (Lee et al., 2018). Amorphous 

calcium silicate hydrates (A–CSHs) have also been reported for phosphorus recovery 

with higher potential for phosphorus removal than conventional crystalline C–S–H 

(Okano et al., 2015; Okano et al., 2016; Okano et al., 2013). Its precipitate also 

exhibited better settleability, filterability, and dewaterability than conventional CaCl2 

and Ca(OH)2 (Okano et al., 2015; Okano et al., 2016; Okano et al., 2013). However, 

separation of fine crystallites after crystallization from these C–S–H is still difficult 

and this has limited practical applications to wastewater treatment and phosphorus 

recovery (Peng et al., 2018). A magnetic calcium silicate hydrate composite material 

(Fe3O4@CSH) has thus been developed to remove and recover phosphate via 

chemical adsorption in order to improve C–S–H efficiency and settleability          

(Peng et al., 2018). Although the Fe3O4@CSH materials are effective for phosphate 

adsorption with a maximum adsorption capacity of 55.84 mg phosphorus/g and could 

be quickly separated by an external magnet, calcium–containing chemical              

(e.g., CaCl2, Ca(OH)2) is required to be added to the alkaline solution to convert the 

phosphate to calcium phosphate fertilizer for use in agriculture (Peng et al., 2018). 

The C–S–H powder has also been immobilized in polyvinyl alcohol matrix        

(PVA–CSH) and then used for phosphate removal (Ding et al., 2018). Although the 

PVA–CSH can reduce the loss of C–S–H powder during removal process, PVA is a 

synthetic petroleum–based polymer that may affect environment along its lifetime 

from first time in synthesis and finally during degradation. The use of a natural 
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polymer, e.g., starch, is thus a better choice to prepare a novel material for 

environmental pollutant removal that can remain environmentally friendly.  

 

 2.2.1 Preparation of calcium silicate hydrate composite starch based 

cryogel (Cry–CSH) 

 A rapid ultrasound-assisted sol–gel method was used to synthesize  

C–S–H at room temperature as reported in the literature (Zhang et al., 2019). Briefly, 

a CaCl2 solution was added dropwise into a Na2SiO3 solution under ultrasound 

irradiation (300 W) in ultrasonic bath with Ca/Si molar ratios of 1.2 and a solid/liquid 

ratio of 1/8. White sol immediately occurred and gradually hardened, the sample was 

then taken out and gelled in a plastic container at room temperature. The obtained gel 

was then soaked with ultrapure water (10 gL-1) for 1 h to remove free Ca(OH)2 before 

filtering the suspension through a 0.45 μm membrane filter. The obtained C–S–H was 

then incubated at 80°C for 24 h in an oven before keeping in desiccator for further 

use.  

 A starch based cryogel (Cry) was prepared by modifying the procedure 

to prepare famous Thai dessert “Lod–chong” coupled with conventional freeze and 

thaw technique. Rice flour (12.5 g) and tapioca starch (3.75 g) were dispersed in 130 

mL of limewater, which is saturated calcium hydroxide solution prepared by 

dissolving red lime (RL) in ultrapure water (15 gL-1) and kept for at least 3 days 

before taking the upper clear supernatant solution. The mixture was then gradually 

heated from 60 to 200C for 1.5 h until the starch completely gelatinized and became 

clear. In the case of Cry–CSH, the C–S–H (0.6 to 6 g) was added in starch gel (60 g) 

and further mixed to obtain homogenous mixture before cooling the mixture under 

continued stirring for 5 min. The mixture was tightly pulled into a 50 mL plastic 

syringe and then placed in a freezer for freezing at –20°C for 24 h. The resultant 

monolith was then thawed at room temperature and a freeze and thaw process was 

repeated for three cycles. The cryogel was then removed from the container before 

cutting into smaller pieces (1 cm lengths). The obtained materials were then soaked in 

95% ethanol for 24 h before drying in an oven at 100°C until achieving the stable 
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weight. All obtained cryogels were kept in zip–lock plastic bags and placed in 

desiccator until further use. 

 A novel calcium silicate hydrate composite cryogel based on native 

starch (Cry–CSH) was successfully synthesized for phosphate removal and recovery. 

Prepared C–S–H was added in a gel precursor, containing rice flour, tapioca starch, 

and limewater, before following the freeze and thaw technique to produce a 

composite monolithic cryogel. Due to the high pH of limewater (pH  11.8), hydroxyl 

groups of starch have oxidized making their sites ionic cross–linking with the Ca2+ or  

Ca(OH)+ of dissociated limewater and tightening the starch chain (Bryant and 

Hamaker, 1997; Chanjarujit et al., 2018; Israkarn and Hongsprabhas, 2017; Israkarn 

et al., 2007; Wing et al., 1987). However, our recent work found that no new chemical 

bond has been observed in FTIR spectrum of the obtained cryogel with Ca2+, Ca2+ 

thus may interact with starch molecules by a physical cross–linking via Van der 

Waals interactions as in prior reports (Cornejo-Villegas et al., 2018; Pineda-Gómez et 

al., 2012). For Cry–CSH, C–S–H was added after gelatinization of starch, the Si–O 

from C–S–H molecules can interact with available hydroxyl groups of starch as 

shown in the proposed mechanism in Fig. 18. Prepared gel precursor with and without 

C–S–H (Cry–CSH and Cry, respectively) was then transferred into the container      

(50 mL plastic tube) and frozen. This made water in polymeric matrix freeze to ice 

crystals, while non–frozen Ca–starch phase for Cry and Ca–Starch–CSH for          

Cry–CSH may continue cross–linking between Ca2+, C–S–H and starch molecules for 

the formation of relatively thin walls (Cui, 2011; Mattiasson et al., 2009; Plieva et al., 

2005). The materials were then allowed to thaw at room temperature making the ice 

crystals melt and leaving an interconnected macroporous sponge–like material. The 

obtained Cry and Cry–CSH had similar appearances and tolerated compression 

without damage, indicating high elasticity which is a cryogel characteristic.                

In addition, Cry–CSH can float on water surface for at least 105 days without any 

damage.      
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Figure 18  Proposed mechanism for synthesis of Cry–CSH. 

 

 2.2.2 Characterization of calcium silicate hydrate composite starch 

based cryogel (Cry–CSH) 

 Characterization of C–S–H and Cry–CSH in term of morphology of  

C–S–H, Cry, and Cry–CSH were investigated using field emission scanning electron 

microscopy (FE–SEM; FEI, Czech Republic). The functional groups of the materials 

were analyzed with Fourier transform infrared spectroscopy (FT–IR; Bruker, 

Germany) using ATR technique and KBr pellet at 4000–600 cm-1, respectively. X–ray 

diffraction (XRD) patterns were obtained from X–ray diffractometer (Empyrean, 

PANalytical, Netherlands) using monochromatic Cu Kα radiation. The surface area, 

porosity, and pore size distribution of as–prepared materials were investigated using a 

high throughput surface area and porosity analyzer (ASAP2460, Micromeritics, 

USA). They were degassed at 105C for 30 min to remove physically absorbed gases 

from the sample surface before analyzing the nitrogen adsorption/desorption isotherm 

at 77 K. The specific surface area (SBET) calculated using the Brunauer–Emmet–Teller 

(BET) method and the pore volume estimated from an adsorption branch using the 



   33 
  

Barrett, Joyner and Halenda (BJH) method were used to estimate the average pore 

diameter.  

 The FESEM images of the prepared  C–S–H, Cry, and Cry–CSH are 

shown in Fig. 19. SEM images of the Cry (Fig. 19a) revealed macropores in 

interconnected polymer network, similar to those synthesized using other polymers 

(Choodum et al., 2016; Lozinsky, 2008). The C–S–H nanoparticles showed an 

agglomeration of crystalline nanoparticles with  rough surface (Fig. 19b).  When  

C–S–H was added into a gel precursor to produce the Cry–CSH, the nanoparticles 

would be trapped within the walls of the cryogel  (Fig. 19c–d) resulting in thicker 

walls. The FESEM image of Cry–CSH after adsorption of phosphate for 2 h showed 

spherical particles of amorphous calcium phosphate (ACP) (Fig. 19d) similar to those 

reported previously (Zhang et al., 2019). The presence of phosphorus is also 

evidenced in Cry–CSH after phosphate adsorption from SEM–EDX results (Fig. 20). 

Similar XRD patterns were observed for Cry–CSH before and after adsorption of 

phosphate for 2 h (Fig. 21) as in previous work where no difference was detected in 

the XRD pattern within 2 h because the ACP would begin to turn to hydroxyapatite 

(HAP) after 8 h and then was completely converted at 24 h (Zhang et al., 2019). 

Although the presence of Ca(H2PO4)2 and CaHPO4 have been evidenced in the         

C–S–H after phosphate adsorption (Peng et al., 2018; Zhang et al., 2019), the H2PO4
– 

and HPO4
2– V3 vibration commonly present at 1038 cm-1 (Peng et al., 2018) or       

1046 cm-1 (Zhang et al., 2019) overlapped with vibration bands from starch in       

Cry–CSH (Fig. 24).  
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Figure 19  FESEM images of (a) Cry (b) C–S–H (c–d) Cry–CSH before adsorption 

of phosphate (e) Cry–CSH after adsorption of phosphate. 

 

 

Figure 20  SEM–EDX Cry–CSH after adsorption of phosphate for 2 h. 
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 The  XRD patterns of the prepared  C–S–H, Cry, and Cry–CSH are 

shown in Fig. 21.  The diffraction pattern of prepared C–S–H showed weak broad 

peaks at 29.1°, 31.9° and 49.9° corresponding to a typical diagram of relatively 

ordered C–S–H reported in the literature (Franceschini et al., 2007; Guan and Zhao, 

2016; Zhang et al., 2019). The weak peaks of calcite at 29.4°, 36.0°, 39.4°, 43.1°, 

47.5° and 48.5° also reflect the unavoidable contact with atmospheric carbon dioxide 

during the synthesis process (Zhang et al., 2019). The diffraction peak observed 6.9° 

was attributed to the (001) reticular planes with distance given by the Bragg relation 

of 12.8 A˚, corresponding to the interlamellar distance reported previously for C–S–H 

(12 A˚≤ d001 ≤14 A˚) (Franceschini et al., 2007). The three most intense bands at 

higher angles are attributed to the (hk0) reticular planes, which are characteristic of 

the organization of calcium atoms within each C–S–H layer with the distances of 

3.06, 2.80 and 1.83 A˚ for d110, d200 and d020, respectively (Franceschini et al., 

2007).  The XRD patterns of the prepared cryogels revealed a broad hump centered at 

2θ 20° for the amorphous structure, although the characteristic peaks of a V–type 

crystalline structure of starch were observed at 13.2° and 19.9° (Chanjarujit et al., 

2018; Domene-López et al., 2019). The loss of starch crystallinity in the prepared 

cryogel was caused by the crystallinity of starch granule being disrupted during 

gelatinization at an elevated temperature (Cornejo-Villegas et al., 2018; Zou and 

Budtova, 2021)  and the cross–linking with Ca2+. For Cry–CSH, the broad hump 

indicating amorphous structure of cryogel remained in the pattern as well as the 

characteristic peaks of C–S–H, but with lower intensities for both. This indicates that 

the in–plane organization of the calcium atoms in Cry–CSH was the same as in         

C–S–H (Franceschini et al., 2007).  
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Figure 21 The  XRD patterns of the prepared  (a) C–S–H, (b) Cry, (c) Cry–CSH 

before and (d) after adsorption of phosphate. 

 

 The adsorption based average pore diameter from the BET analysis of 

Cry was 0.39 nm with specific surface area (SBET) of 0.7142 m2g-1 and low total pore 

volume of 0.001 mLg-1. The obtained surface area corresponded to other reports 

showing low specific surface areas, e.g., 0.6 to 7.7 m2g-1 (Baudron et al., 2019), for 

porous material synthesized from native starch using freeze-drying. The SBET of  

C–S–H was found to be much higher at 85.22 m2g-1 than that of Cry, as in previous 

syntheses using the same method (17.31 m2g−1 to 37.20 m2g−1) (Zhang et al., 2019), 

but with a lower total pore volume (0.020 mLg-1 compared to 0.0651 mLg−1 to    

0.1779 mLg−1) (Zhang et al., 2019). The average pore diameter of C–S–H (1.05 nm) 

was larger than that of Cry, but smaller than in previous work (15 nm)              

(Zhang et al., 2019). As expected, the SBET of Cry–CSH (11.03 m2g−1) and total pore 

volume (0.003 mLg-1) were lower than of C–S–H, but higher than of Cry, while the 

average pore diameter (0.97 nm) was larger than that of Cry, but smaller than that of 

C–S–H. Although the prepared Cry–CSH had larger SBET than PVA–CSH              

(4.12 m2g−1), its total pore volume was less than that of PVA–CSH (0.01 mLg-1) 

(Ding et al., 2018). The pore size distributions  of C–S–H, Cry, and Cry–CSH           

(Fig. 22) calculated by the non–local density functional theory (NLDFT) based on a          

N2–DFT model showed the most pore volume for the pore width from 5 to 50 nm in 
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the mesopore range, although macropores (> 50 nm) were also observed. All prepared 

materials exhibited a typical type IV adsorption isotherm (Fig. 23) where the capillary 

condensation occurred after multilayer adsorption of N2 within mesopores         

(Hattori et al., 2013; Thommes et al., 2015) confirming the presence of mesopores in 

all cases. They revealed an H3 hysteresis indicating slit–shaped pores formed by    

non–rigid aggregates of plate–like particles and/or pore network consisting of 

macropores which are not completely filled with pore condensate (Thommes et al., 

2015). The open hysteresis loops observed for Cry (Fig. 23a) could be attributed to 

non–rigid structure of the Cry synthesized from starch, so that it may deform (swell) 

during adsorption or pore filling (Qi et al., 2017). The trapped nitrogen also cannot be 

released due to the affinity of nitrogen in cryogel caused by the heterogenous Cry 

surfaces (Qi et al., 2017). The addition of C–S–H in starch gel precursor made the 

Cry–CSH show closed H3 hysteresis (Fig. 23c) similar to C–S–H, indicating more 

rigid structure with less swelling than for Cry (Fig. 23b).     
 

 

Figure 22 The pore size distribution of (a) Cry, (b) C–S–H, and (c) Cry–CSH. 
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Figure 23  The nitrogen adsorption isotherm of (a) Cry, (b) C–S–H, and (c)          

Cry–CSH. 

  

 The FTIR spectrum of C–S–H revealed the O–H stretching  absorption 

band at 3448 cm-1 from water molecules (García-Lodeiro et al., 2008; Yu et al., 

2004). This band was also observed in Cry at 3412 cm-1 (Fig. 24), attributed to 

hydroxyl groups in starch molecules which may interact with Ca2+ located in their 

surroundings, as reported previously (Pineda-Gómez et al., 2012). This peak was 

observed at a wavelength between C–S–H’s and Cry’s, i.e., 3423 cm-1, for Cry–CSH. 

The absorption band at 1640 cm−1 in C–S–H was attributed to H–O–H bending from 

water molecules (García-Lodeiro et al., 2008; Yu et al., 2004), while it shifted to 1648 

and 1651  cm-1 in Cry–CSH and Cry, respectively, due to interactions with Ca2+ 

located in the surroundings (Pineda-Gómez et al., 2012) and/or overlap with the C–O 

bending in amylopectin. The peaks observed at 1491 and 1430 cm-1 in C–S–H 

spectrum were assigned to C–O asymmetric stretching vibrations of carbonate 

(García-Lodeiro et al., 2008; Yu et al., 2004), which seems to overlap with the 

vibrations of C–H symmetrical scissoring of CH2OH moiety in amylopectin observed 

at 1418 cm-1 (Cornejo-Villegas et al., 2018) in Cry, and appearing at 1459 and 1424 

cm-1 in the composite. The intense band at 970 cm-1 in the spectrum is attributed to 

Si–O stretching vibrations also overlapping the intense peaks from 1083 cm-1 to 931 

cm-1  contributed by vibrations of C–O bonding in amylopectin (Boonkanon et al., 

2020; Choodum et al., 2019; Wongniramaikul et al., 2018) in Cry and presented 

maximum absorption at 1019 cm-1 in Cry–CSH. The Si–O–Si bending was also 

observed in C–S–H and Cry–CSH spectra at 666 cm-1 (García-Lodeiro et al., 2008; 
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Yu et al., 2004), while absorption peak at 450 to 452 cm-1 in both materials was 

associated with the deformation of SiO4 tetrahedra (Yu et al., 2004). An intense peak 

appeared in Cry and Cry–CSH at 2927 cm-1 contributed by the C–H stretching in 

starch molecules, while the peaks at 1156 cm-1 were contributed by C–O–C 

vibrations in glycosidic linkage (Boonkanon et al., 2020; Choodum et al., 2019; 

Cornejo-Villegas et al., 2018; Wongniramaikul et al., 2018).   

 

 

Figure 24 The FTIR spectrum of the prepared  (a) C–S–H, (b) Cry, (c) Cry–CSH 

before and (d) after adsorption of phosphate. 

 

 2.2.3 Swelling ratio, water uptake capacity, water retention, and 

porosity of Cry–CSH 

  The swelling ratio, water uptake capacity, water retention, and porosity 

of Cry–CSH of cryogel characteristics including swelling ratio, water uptake capacity, 

water retention, and porosity of Cry–CSH were investigated following previous 

reports (Jayaramudu et al., 2019; Xue et al., 2004). The swelling ratio (Sg/g) was 

investigated by weighing the dried and wet Cry–CSHs. Three completely dried     

Cry–CSHs  were equilibrated in 50 mL ultrapure water at ambient temperature.  The 

water–adsorbed Cry–CSHs were weighed after removing the surface excess water 

with filter paper at certain time intervals up to equilibrium (1 to 1440 min).              

The swelling ratio of Cry–CSH was calculated using equation (1) (Jayaramudu et al., 

2019; Lin and Hsu, 2020; Xue et al., 2004) where Wt is the weight of swollen       

Cry–CSHs at an observation time and W0 is the weight of dried Cry–CSHs. The 

swelling behavior of the cryogel was analyzed for pH in the range from 2 to 13 at a 

set of temperatures (20, 30, 40, 50, and 60oC).  
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            Swelling ratio (Sg/g) = 
(Wt -W0)

W0
           (1) 

 

 The water uptake capacity of Cry–CSHs (%) was calculated using 

equation (2) (Jayaramudu et al., 2019; Xue et al., 2004) where We is the weight of 

swollen cryogel at the equilibrium. 

 

                Water uptake capacity (%) = 100×
(Wt -W0)

(We-W0)
                (2) 

 

The equilibrated Cry–CSHs were then put in Petri dishes at room 

temperature and re–weighted at certain times. The weights of the Cry–CSHs (WT) 

were recorded during the deswelling experiment until they had reached saturated 

values. The percentage of water retention (%de–swelling) can be calculated using the 

following equation (3) (Jayaramudu et al., 2019). 

 

 Water retention (%) = 100×
(WT -W0)

(We-W0)
                                       (3)

                               

 The porosity of Cry–CSHs (%) was calculated using equation (4) 

(Ertürk and Mattiasson, 2014) by squeezing the swollen gel and the weight of swollen 

gel (We) was compared to the weight after squeezing (Wq).  

 

 Porosity (%) = 100×
(We -Wq)

We
                    (4)                                             

   

  Swelling behavior of Cry–CSH including swelling ratios of Cry and 

Cry–CSH were measured as functions of time  at 25 to 45C.  The swelling ratio of 

both materials increased with time and temperature (Fig. 25). Since swelling is the 

expansion of the polymer networks due to the interaction between the polymeric 

chains and water molecules, the swelling ratio increases with temperature because the 

interaction behavior disturbs the disentanglement of interpenetrated                

polymeric chains and destroys hydrogen bonds between the polymer molecules 

(Gupta and Shivakumar, 2012; Jayaramudu et al., 2019). The experimental results 
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showed that Cry–CSH  reached equilibrium  swelling at 60 min (5.51 gwater/gCry-CSH) 

before Cry (90 min; 9.96 gwater/gCryl) at 25C. These were similar to the theoretical 

equilibrium swelling ratios  (Seq) obtained from a swelling kinetics  investigation    

(5.48 gwater/gCry-CSH for Cry–CSH and 9.97 gwater/gcry for Cry) as described in Fig. 26. 
Apparently, the swelling ratio of Cry–CSH was lower than that of Cry that may 

contribute to  the replacement of C–S–H in polymer chain network in Cry–CSH 

leading to more rigid material. The swelling rate constant (ks) and initial swelling rate 

(ri) of Cry–CSH were higher than those for Cry (Table 4) matching the rapid 

equilibration of Cry–CSH that may relate to the higher %porosity of Cry–CSH 

(50.85%) than of Cry (40.98%) that agrees with the total pore volume from BET 

analysis. The swelling mechanisms of Cry and Cry–CSH  were also determined as 

described in Fig. 27. The swelling exponent (n) that can identify the water transport 

mechanism (Bajpai and Shrivastava, 2002; Jayaramudu et al., 2019; Murthy et al., 

2006) was 0.010 and 0.016 for Cry–CSH and for Cry, respectively. Thus, water 

diffused through both materials  with Fickian diffusion at a slower rate of water 

diffusion than the polymer relaxation rate (Bajpai and Shrivastava, 2002), matching 

the low swelling capacity of the materials. The low diffusion coefficient (D) of 0.0002 

cm2·min−1 for Cry–CSH and 0.0012 cm2·min−1 for Cry (Fig. 28) indicates a slow 

diffusion rate of water through both materials leading to low swelling ratio, which is a 

characteristic feature of cryogels that are elastic.  
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Figure 25  Swelling ratios of Cry and Cry–CSH at 25 to 45C. 

 

 

Figure 26 Relationship between t/S and t from investigation of swelling kinetics. 
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Table 4 Estimated swelling kinetic parameters. 

 

 

 

 

Figure 27  Relationship between ln SF and ln t from investigation of swelling 

mechanism of the cryogels.  

 

 

 

 

 

 

Parameter  Cry Cry-CSH 

Swelling ratio at equilibrium (S) (gwater/gcryogel) 9.96 5.51 

Theoretical swelling ratio at equilibrium (Seq) (gwater/gcryogel) 9.97 5.48 

Initial swelling rate (ri) (gwater /gcryogel/min) 3.66 13.95 

Swelling rate constant (ks) (gcryogel /gwater/min) 0.04 0.46 

Swelling exponent (n) 0.016 0.010 

Diffusion coefficient (cm2/min) 0.0012 0.0002 
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Figure 28 Diffusion curves of Cry and Cry–CSH. 

   

 The swelling ratios of Cry and Cry–CSH seems to be independent of 

pH (Fig. 29) that may contribute to the physical cross–links between Ca2+ ions 

surrounding the hydroxyl groups of the starch, and may limit the attachment of H+ or 

OH- on polymer chains. The results indicate that the material could be applied at a 

wide pH range without changes to swelling properties.  

  

 

Figure 29 Influence of pH on swelling ratio of Cry–CSH. 
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 The water uptake capacity in Fig. 30 showed that the water amounts 

completely adsorbed in Cry–CSH and Cry were 621% and 849% of their dry weights, 

after 60 and 90 min of immersion, and remain steady after 24–hour water uptake.     

On reversing the swelling process, the water retention ability of the cryogels was 

investigated. The water retention ability of both Cry and Cry–CSH decreased with 

time (Fig. 31) and Cry–CSH lost adsorbed water by 84% at 24 h, more than Cry that 

lost water by 79%. Both materials completely lost the absorbed water in 36 h. These 

results indicate that both materials might have available hydroxyl groups that can 

form hydrogen bonds with water, resulting in delayed water evaporation.  

 

Figure 30 Water uptake capacity of Cry–CSH and Cry. 
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Figure 31 Water retention ability of Cry–CSH and Cry. 

 

  2.2.4 Phosphate adsorption by Cry–CSH 

  The optimum amounts of adsorbents of C–S–H for phosphate removal 

was investigated by varying doses of C–S–H for adsorption of 50 mgL-1 phosphate. 

The adsorption experiments were done by suspending the adsorbents at their optimum 

amount in 50 mL phosphate solutions with initial phosphate concentrations  in the 

range from 0.1 to 100 mgL-1. Similar runs were performed for a range of contact 

times (0 to 1,440 min), pH (5 to 8), and temperatures (25C to 45C) at the optimum 

initial concentration for kinetic studies. The amount of adsorbed phosphate at time t  

(Qt: mgPO4
3-/g) was calculated as the difference between phosphate concentrations in 

solution initially (Ci: mgL-1) and at time t (Ct: mgL-1) using the following equation (5) 

(Almanassra et al., 2020; Peng et al., 2018; Zhang et al., 2019):  

 

𝑄௧ =  
(Ci-Ct)

W
×V              (5) 

 

where V is the volume of solution (L) and W is the dry mass of adsorbents (g). The 

phosphate removal efficiency (RE) was calculated using equation (6) where Ce is the 

phosphate concentration at equilibrium (mgL-1). Each experiment was performed for 

three replicates and the average of these values was used in plots or any relationships. 
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          %RE= 
(Ci-Ce)

Ci
×100      (6) 

   

  The results showed that increasing the amount of C–S–H from 0.1 to 

1.0 g increased the %removal efficiency from 95.120.08 to 99.390.02% (Fig. 32a) 

and this thereafter remained constant. Since a high amount of adsorbent can slow 

down the adsorption by resistance to mass transfer between adsorbate with adsorbent 

in a limited space in container (Mezenner and Bensmaili, 2009; Torit and Phihusut, 

2019; Yeddou and Bensmaili, 2007), 0.1 g C–S–H was then selected for further 

investigation. When C–S–H was composited with macroporous material in Cry–CSH, 

increasing the amount of C–S–H from 0 to 0.1 g (in 1 g Cry–CSH; 0 to 10% w/w    

C–S–H in gel precursor) showed increased %removal efficiency from 12.592.34 to 

94.190.18% at 0.075 g C–S–H (7.5% w/w) and this remained constant after that 

(Fig. 32b). Thus, C–S–H was added to gel precursor for 7.5% to prepare Cry–CSH.    

It is worth noting that Cry (cryogel without C–S–H) could adsorb phosphate for 

12.592.34% due to the cross–linked Ca2+ in its structure.   
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Figure 32 Influence of (a) amount of C–S–H, (b) amount of C–S–H in Cry–CSH, (c) 

contact time, and (d) pH on %removal efficiency. 

 

  2.2.4.1 Influence of contact time 

 The influence of adsorption time on phosphate removal efficiency  is 

shown in Fig. 32c. It was found that C–S–H  could adsorb phosphate with as high 

efficiency as 79.650.08% within 5 min and then increased to 94.420.14% within   

90 min and remained constant after that. The results indicate rapid equilibration that 

can be attributed to the superior physicochemical adsorption of phosphate,  as specific 

surface properties contribute to accelerated phosphate adsorption (Peng et al., 2018).  

In the case of Cry–CSH, it adsorbed phosphate slower than C–S–H. It could remove 

phosphate for 11.110.81% at 5 min and then increase to 95.692.81% at 60 min and 
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slightly increase further to 97.620.90% after 120 min. This may be because the 

cryogel matrix can decrease the reaction rate and thus prolong the equilibration time, 

as reported for PVA–CSH (Ding et al., 2018).   

 

 2.2.4.2 Influence of pH 

  Influence of pH on phosphate removal efficiency was investigated in 

the range from 5 to 8 (Fig. 32d). Slight decrease of removal efficiency was observed 

for both C–S–H and Cry–CSH with increasing pH that may relate to the charge on the 

material surfaces as well as to the physicochemical behavior of phosphate in water in 

this pH range. The point of zero charge (pHpzc) was thus investigated based on the pH 

measurement technique (Khormaei et al., 2007; Pavan et al., 2014). The pH of sodium 

chloride (NaCl) solution (0.1 M) was adjusted to desired pH in the range of 3 to 12 

using HCl (0.01 M) and NaOH (0.1 M).  The adsorbent (0.03 g) was then added into 

pH adjusted NaCl solution (50  mL) and shaken for 24  h. The supernatant was then 

separated by centrifugation before measuring the final pH. The point where the curve 

pH final versus pH initial crosses the line and equals to pH final is the pHpzc 

(Khormaei et al., 2007; Pavan et al., 2014). The study showed pHpzc of C–S–H and 

Cry–CSH at 7.0 and 6.8, respectively (Fig. 33), indicating positive charge on the 

adsorbent surfaces when the pH of the phosphate solution is less than pHpzc           

(Dai, 1994; Jun et al., 2020; Pavan et al., 2014). In addition, both Cry and Cry–CSH 

as the pH adjuster can release appropriate concentrations of OH− to maintain the final 

pH between 9.2 and 10.4 regardless of initial pH and presence of Ca2+ on the surfaces. 

While the dominant phosphate anions at pH from 5 to 8 are H2PO4
– and HPO4

2–. 

Thus, higher phosphate removal efficiency was achieved at lower initial pH because 

the positively charged surfaces could attract the negatively charged phosphate ions 

electrostatically. However, removal efficiency of 98.5% was achieved at pH 6.5 

which is a typical pH for an effluent. 

  Thus, there is no need for pH adjustment, which is a potential cost, in a 

real application. The removal efficiency of phosphate by Cry–CSH was compared 

with those reported in the literature as shown in Table 5.       
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Figure 33  Point of zero charge (pHpzc) of C–S–H and Cry–CSH. 

 

Table 5 The phosphate removal capacities of various adsorbents. 

 

 

*Carbide derived carbon 

 

   2.2.4.3 Adsorption isotherms 

 Adsorption isotherms of C–S–H and Cry–CSH were determined at 

different initial phosphate concentrations (Fig. 34a–b). The two isotherm models 

typically used, i.e., Langmuir and Freundlich were adopted to fit and analyze the 

experimental data (Almanassra et al., 2020; Langmuir, 1918; Peng et al., 2018; 

Seliem et al., 2016). Langmuir isotherm equation can be written as in equations (7–8) 

Adsorbent      Removal capacity 

(mg PO4
3-/gactive material) 

pH Time 

(min) 

Temperature  

      (K) 

        Reference 

MCM-41  21.01 6.15 240       298 (Seliem et al., 2016) 

CDC* 16.14 0.12 360       298 (Almanassra et al., 2020) 

C–S–H 24.5 5.0 30       298 (Okano et al., 2013) 

C–S–H 109.4 5.0 240       298 (Zhang et al., 2019) 

PVA-CSH 28.15 7.50 600       298 (Ding et al., 2018) 

Cry-CSH 64.52 5.54 120       298 This work 
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(Langmuir, 1918; Seliem et al., 2016) where Ce is the equilibrium concentration of the 

remaining phosphate in the solution (mgL- 1), Qe is the amount of phosphate adsorbed 

per mass unit of the adsorbent at equilibrium (mgg-1), Qmax is the amount of phosphate 

per mass unit of adsorbent at complete monolayer coverage (mgg-1), and kL is the 

Langmuir constant relating to the strength of adsorption (L-1mg). Qmax and kL can be 

determined from the slope and intercept of the linear plot between 1/Qe and 1/Ce, 

respectively. The Freundlich isotherm is expressed in equations (9–10) where kF and n 

are the Freundlich constants related to adsorption capacity and intensity, respectively. 

The values of kF and 1/n can be obtained from the intercept and slope of the linear 

regressions fit to log Qe versus log Ce.       
 

                                     Qe= 
QmaxkLCe

1+kLCe
                                              (7) 

                                      
1

Qe
= 

1

kLQmax
(

1

Ce
)+ 

1

Qmax
         (8) 

                                     Qe= kFCe

1
n                    (9) 

                                 log Qe = log kF + 
1

n
log Ce             (10) 

    

   Both nonlinear and linear fitting methods were applied and the 

goodness of equilibrium model fits in terms of the sum of the square of the errors 

(SSE), the residual standard deviation (SD), and the determination coefficient (R2) 

(Almanassra et al., 2020) are listed in Table 6. The experimental results from C–S–H 

were fitted with the Langmuir model in its linearized form as in a previous report 

(Zhang et al., 2019). The R2, SSE and SD values were best for nonlinearly fitted 

Freundlich model as in prior literature (Peng et al., 2018). These results imply that the 

adsorbed phosphate might form a monolayer surface coverage with possibly some 

heterogeneity on C–S–H (Almanassra et al., 2020) and chemisorption is the 

predominant adsorption mechanism (Peng et al., 2018). One of the important 

characteristics of Langmuir isotherm could be expressed by a dimensionless constant, 

known as the equilibrium parameter RL (Almanassra et al., 2020; Seliem et al., 2016): 
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    RL= 
1

1+KLC0
                                        (11) 

 

where C0 is the initial phosphate concentration. RL from 0.08 to 0.99 were obtained 

for adsorption of phosphate on C–S–H indicating that the adsorption process is 

favorable, which confirms that the Langmuir model is suitable for the adsorption of 

phosphate on C–S–H. 

  

 

Figure 34  (a–b) Adsorption isotherms, and (c–d) adsorption kinetics of phosphate on           

C–S–H and Cry–CSH. 

 

  When C–S–H was composited with macroporous cryogel, Cry–CSH 
showed the best nonlinear fit with the Freundlich model, implying that the adsorption 

was multilayer type on heterogeneous surface. The heterogeneous factor (1/n) related 

to adsorption intensity or surface heterogeneity was 1.78 implying that cooperative 

adsorption can be occurring among active sites with different adsorption capacities 
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(Liu, 2015; Madaeni and Salehi, 2009). This may be contributed by Ca2+ moiety in 

the cryogel structure combined with Ca2+ from composited C–S–H resulting in great 

heterogeneity. The adsorption of phosphate on Cry–CSH probably occurs on 

multilayers with Ca2+ moiety, in 1 both cryogel and C–S–H surface and surroundings, 

2) Ca–OH linkages from C–S–H immobilized on Cry–CSH through ion exchange 

with OH−, forming Ca(H2PO4)2 and/or CaHPO4. 

 

Table 6 Phosphate adsorption and model parameters fit for C–S–H and Cry–CSH.  

 

 
 2.2.4.4 Adsorption kinetics 

    Kinetics of phosphate removal were evaluated using three kinetic 

adsorption models, namely the Lagergren pseudo–first order (Sen Gupta and 

Bhattacharyya, 2011; Yuh-Shan, 2004) and the pseudo second–order (Ho, 2006; Sen 

Gupta and Bhattacharyya, 2011), and intra–particle diffusion (Seliem et al., 2016; Sen 

Gupta and Bhattacharyya, 2011), to  determine the adsorption capacity and the rate 

limiting step. The obtained adsorption data were analyzed  and fit with kinetic 

adsorption models. The  Lagergren pseudo–first order model is expressed in equation 

Model Parameter          C–S–H          Cry-CSH  

  Linear Non-linear Linear Non-linear 

Langmuir  Qm (mg PO4
3-/g) 1.21 263830 -0.36 233552 

 KL (L/mgPO4
3-) 0.12 0.000001 -0.68 0.000006 

 R2 0.9980 0.8181 0.9596 0.7746 

 SD 4.47 0.74 1.57 0.67 

 SSE 120 3.29 12.40 2.25 

Freundlich  KF (mg1-n Ln /g) 0.21 0.10 0.92 0.87 

 1/n 1.20 1.75 1.78 1.73 

 R2 0.9740 0.9985 0.9912 0.9962 

 SD 0.19 0.07 0.08 0.12 

 SSE 0.21 0.03 0.03 0.07 
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(12) which could be integrated for the boundary conditions t = 0, Qt = 0 and t = t, Qt = 

Qt to get equation (13): 

dQt

dt
= k1(Qe–  Qt)      (12) 

 ln (Qe–  Qt) = ln Qe – k
1
t                     (13) 

 

where Qe and Qt are the phosphate adsorbed (mgPO4
3-/g) at equilibrium time (min) 

and at time t (min), respectively. The k1 is the pseudo first–order kinetic rate constant 

(min−1) which can be obtained from the slope of the linear plot between ln(𝑄௘ −  𝑄௧) 

and t. The pseudo second–order model is investigated on the basis of equation (14) 

which could be integrated for the boundary conditions t = 0, Qt = 0 and t = t, Qt = Qt 

as in equation (15), where k2 is the second order kinetic rate constant (min−1) which 

can be obtained from the slope of the linear plot between t/Qt and t. 

 

dQt

dt
= k2(Qe– Qt)

2
      (14) 

t

Qt
= 

1

k2Qe
2 + 

1

Qe
t         (15) 

   

   The intra–particle diffusion can be estimated using equation (16) 

(Seliem et al., 2016; Sen Gupta and Bhattacharyya, 2011) where kp is the rate constant 

of intra–particle diffusion (mg/g/min1/2) that can be obtained from the slope of the plot 

of Qt against t1/2 and c is the intercept related to the thickness of the boundary layer. If 

the trend–line of the plot is linear and passes through the origin, intra–particle 

diffusion is the only rate controlling step (Almanassra et al., 2020; Seliem et al., 

2016). 

      

                                         Qt= kpt1/2+c                                        (16) 

   

  The adsorption of phosphate on C–S–H  and Cry–CSH for 5 to 1440 

min at 25 to 45C is illustrated in Fig. 34c–d. These experimental results were fitted 

with pseudo–first–order and pseudo–second–order kinetic models and the model–

based estimates of equilibrium are given in Table 7. Since the correlation coefficients 
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(R2) of the pseudo–second–order model for both materials are quite close to 1.0 

(0.9972 to 0.9995 for C–S–H and 0.9999 to 1.0000 for Cry–CSH), this model was the 

better one for describing the phosphate adsorption, indicating chemisorption. The k2 

for C–S–H increased from 0.06 to 0.20 g/mg/min and from 0.17 to 0.52 g/mg/min for 

Cry–CSH when increasing the temperature from 25℃ to 45℃, indicating that the 

removal of phosphate by either material was endothermic. The kinetic parameters at 

25C were also estimated using the amount of C–S–H (0.075 g) immobilized in     

Cry–CSH (1 g) and Qe = 64.52 mgPO4
3-/gCSH, k2 = 0.0007 gCSH/mgPO4

3-/min,            

R2 = 0.997 were obtained. It can be noted that k2 for C–S–H (0.06 gCSH/mgPO4
3-/min) 

was much higher than that of C–S–H in Cry–CSH (0.0007 gCSH/mgPO4
3-/min), maybe 

because the cryogel matrix decreased the reaction rate and prolonged the equilibration 

time.  This  estimated k2 value was lower than those reported for PVA–CSH        

(0.0008 g/mg/min) (Ding et al., 2018), which may be due to the smaller pore size of 

Cry–CSH (0.97 nm compared to 24.937 nm) (Ding et al., 2018). However, the 

estimated Qe of C–S–H in Cry–CSH was 64.52 mgPO4
3-/gCSH, higher than that 

reported for PVA–CSH (28.15 mg/gCSH) (Ding et al., 2018) due to the larger specific 

surface area of Cry–CSH (11.03 m2g−1 compared to 4.123 m2g−1) (Ding et al., 2018). 

   The half–life (t1/2) of adsorption is the time needed to adsorb 50% of 

the adsorbed phosphate at equilibrium (Almanassra et al., 2020) was also estimated 

using equation (17). The half–life of adsorption by C–S–H decreased from 7.12 min 

at 25℃ to 2.09 min at 45 ℃, and from 2.36 min at 25℃ to 0.77 min at 45℃ for       

Cry–CSH, confirming the faster adsorption kinetics at elevated temperatures. 

               

                  t1/2= 
1

k2Qe
                                                              (17) 

  

  Since the adsorption process relates to transport of phosphate ions from 

the aqueous solution to the surfaces of C–S–H and Cry–CSH, possibly followed by 

intra–particle diffusion, the intra–particle diffusion based kinetic model was also 

investigated to obtain better knowledge of the adsorption mechanisms. The plot 

shown in Fig. 35 is not linear and does not pass through the origin, indicating that 

more than one step controls the adsorption process. The first steep slope is associated 
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with the diffusion of phosphate ions from solution across the boundary layer 

surrounding C–S–H and Cry–CSH to the external surface of the adsorbent.              

The second stage shows a plateau, indicating slow adsorption with intra–particle 

diffusion dominating during this stage. In addition, the c for both materials increased 

with temperature (from 1.21 to 2.21 mg/g for C–S–H and from 1.32 to 2.38 mg/g for 

Cry–CSH) implying improved adsorption process with increased mobility of the ions, 

from decreases in both of solution density and viscosity as temperature is increased 

(Almanassra et al., 2020) 
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Table 7 Kinetic parameters for phosphate adsorption by C–S–H and Cry–CSH.  

 

 

Model Temperature Parameter C–S–H Cry-CSH 

Pseudo-first-order        25 Qe (mg/g) 1.07 1.34 

  k1 (min-1) 0.0075 0.018 

  R2 0.9673 0.8562 

        35 Qe (mg/g) 1.09 0.70 

  k1 (min-1) 0.024 0.011 

  R2 0.8785 0.9305 

        45 Qe (mg/g) 0.98 0.73 

  k1 (min-1) 0.0275 0.026 

  R2 0.7952 1.0000 

Pseudo-second-order        25 Qe (mg/g) 2.34 2.50 

  k2 (g/mg/min) 0.06 0.17 

  R2 0.9972 1.000 

        35 Qe (mg/g) 2.42 2.49 

  k2 (g/mg/min) 0.12 0.26 

  R2 0.9995 0.9999 

        45 Qe (mg/g) 2.39 2.48 

  k2 (g/mg/min) 0.20 0.52 

  R2 0.9995 1.0000 
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Figure 35  Intra–particle diffusion model for phosphate adsorption on C–S–H and 

Cry–CSH. 

 

  2.2.4.5 Thermodynamic analysis 

  The thermodynamics of phosphate adsorption on C–S–H and          

Cry–CSH were investigated over the temperature range from 25 to 45℃ to study the 

effects of temperature on the adsorption and to estimate the changes of 

thermodynamic factors including Gibbs free energy (ΔG0), enthalpy (ΔH0), and 

entropy (ΔS0). ΔG0 can explain the spontaneity and feasibility of the removal process 

and can be determined from the classical Van’t Hoff equation at any temperature (18): 

 

G0= –RTlnkd         (18) 

 

where T is the temperature (K), R is the gas constant (8.314 J/mol/K), and kd is the 

constant of thermodynamic equilibrium that can be calculated using equation (19):  

 

                                     kd= 
Ca

Ce
                    (19) 

 

where Ca is the extent of pollutant adsorbed on the adsorbent at saturation (mgL- 1). 

ΔH0 provides information about the nature of adsorption process, whether it is 

exothermic or endothermic, while ΔS0 can explain the degrees of freedom in the 
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system or the extent of order/disorder of the molecules (Almanassra et al., 2020). 

Both ΔH0 and ΔS0 are linked to ΔG0 by equation (20): 

 

            G0= H0– TS0         (20) 

 

when equations (9) and (18) are combined, ΔH0 and ΔS0 are obtained from the slope 

and the intercept as in equation (21):  

 

lnkd= 
S0

R
–
H0

R
(

1

T
)         (21) 

   

   Thermodynamic analysis including the activation energy (Ea) of 

phosphate adsorption was estimated for both C–S–H and Cry–CSH using equation 

(22) (Almanassra et al., 2020):  

 

ln k2 = ln k0–
Ea

RT
                            (22) 

 

where Ea is the activation energy in kJ/mol, k2 is the pseudo–second–order kinetic 

constant calculated from the kinetic data at each temperature, and k0 is a factor 

independent of temperature. The Ea estimates of 47.5 and 43.9 kJ/mol were obtained 

for adsorption of phosphate on C–S–H and Cry–CSH, respectively. Since Ea is more 

than 40 kJ/ mol, the adsorption mechanism on both materials is chemical adsorption  

(Ea < 40 kJ/mol for physical adsorption (Almanassra et al., 2020) 

  The thermodynamic differences ΔG0, ΔH0, and ΔS0 for phosphate 

adsorption on C–S–H and Cry–CSH are presented in Table 8. The negative values of 

ΔG0 across the tested temperatures indicate spontaneous adsorption of phosphate on 

both materials under the experimental conditions, and more favorable adsorption at a 

higher temperature. The spontaneity of Cry–CSH seems to be higher than of C–S–H. 

The positive ΔH0 indicates endothermic phosphate adsorption. ΔS0 for both C–S–H 

and Cry–CSH were positive, indicating increased disorder at the solid–solution 

interface during the adsorption process, and the disorder degree on C–S–H seems to 
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be higher than of Cry–CSH. The disordered state in both materials is mostly due to 

the interaction of phosphate with active sites of the adsorbents to form stable 

structures. These results demonstrate the strong affinity between phosphate and the 

prepared materials. 

 

Table 8 Thermodynamic parameters for phosphate adsorption by C–S–H and        

Cry–CSH. 

 

 

 2.2.5 Influence of competing ions on removal efficiency of Cry–CSH 

  The influences of various co–exist anions, namely SO4
2-, NO3

-, NO2
-, 

Br-, F-, and CO3
2-, on removal efficiency of phosphate by Cry–CSH were investigated. 

Various competing anions (at 2000 mgL-1) except for CO3
2- were mixed with 

phosphate (50 mgL-1) in order to determine the selectivity for phosphate. Carbonate 

(500 and 2000 mgL-1), which has been reported to interfere with phosphate adsorption 

(Seliem et al., 2016; Zhang et al., 2019), was also mixed with phosphate but 

separately from the other anions. The removal efficiency of phosphate remained 

99.170.01% with mixed anions (Fig. 36) indicating excellent selectivity of Cry–CSH 

for phosphate, better than those of other adsorbents such as carbide derived carbon 

(Almanassra et al., 2020), or MCM–41 silica with rice husk (Seliem et al., 2016). The 

removal efficiency of phosphate slightly decreased to 95.350.01% when 

concentration of CO3
2- was 10–fold higher than that of phosphate (500 mgL-1), but 

Temperature (K) G (kJ/mol) H (kJ/mol) S (J/mol/K) 

 C–S–H Cry-CSH C–S–H Cry-CSH C–S–H Cry-CSH 

298 -5.22 -10.42 31.8 19.3 125.3 99.89 

308 -7.33 -11.55     

318 -7.68 -12.42     
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decreased to 55.020.82% at 2000 mgL-1. The results show that Cry–CSH is highly 

selective for phosphate ions and can be applied in phosphate removal and recovery. 

 

 

Figure 36  The removal efficiency of phosphate in the presence of various competing 

ions. 

 

  2.2.6 Real sample application of Cry–CSH 

  The Cry–CSH was tested for phosphate removal from 2 wastewater 

and 3 effluent samples from the municipal treatment plant in Patong, Phuket. 

Orthophosphate presented in the samples in the range from 0.93 to 4.05 mgL-1 which 

exceed the concentration level of phosphate that is considered to cause eutrophication 

of water bodies (>0.02 mgL1) (Seliem et al., 2016). Concentrations from 0.005           

to 0.014 mgL-1 were found after adsorption of phosphate using 2 g Cry–CSH, 

indicating removal efficiencies from 98.6% to 99.8% (Table 9). 
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Table 9  Real sample tests. 

 

 

*Samples were collected in  December 2019 before Covid–19 pandemic, and there 

were 14.4 M tourists that visited Phuket during that year. 

 

 2.2.7 Biodegradation of Cry–CSH 

 Biodegradation of the Cry–CSH and phosphate adsorbed Cry–CSH            

(PO4
3-–Cry–CSH) were investigated using a soil burial test (Junlapong et al., 2020). 

Swollen Cry–CSHs and PO4
3-–Cry–CSH were buried at 10 cm depth under the 

surface of soil. They were taken out every 3 days and washed thoroughly to remove 

the soil as much as possible before weighing the remaining weight (Wb). The 

percentage of weight remaining was calculated using equation (23) where We is the 

weights of the swollen Cry–CSHs and Wb is the weights of Cry–CSHs after soil 

burial. 

 

Weight remaining (%) = 100×
Wb 

We
    (23) 

 

 After having been buried for three days, the Cry–CSH weight loss was 

100%, while phosphate adsorbed Cry–CSH remained for 37.81.2% by weight. The 

latter was completely lost after burial in the soil for 10 days, due to hydrolysis and 

microorganisms (Junlapong et al., 2020).   

 

 

Sample Type of sample      Before  

(mgL-1 PO4
3-) 

     After  

(mgL-1 PO4
3-) 

Removal efficiency 

          (%) 

1* Wastewater 4.050.04 0.0100.004 99.80.1 

2 Wasterwater 1.010.03 0.0140.004 98.60.6 

3* Effluent 1.790.12 0.0050.008 99.70.4 

4 Effluent 0.930.02 0.0090.004 99.00.4 

5 Effluent 0.960.01 0.0090.004 99.00.4 
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3. Concluding remarks 

 

 

 This thesis aimed to develop novel materials for environmental 

applications, especially for the detection and removal of nutrients in water sample. 

For the first part of the work, a novel colorimetric thin sheet for nitrite detection was 

successfully developed based on Griess reagent adsorption on mesoporous silica 

nanoparticles. The spherical nanoparticles from which the colorimetric sheet was 

developed retained their shape after the Griess reagent adsorption, but there was a 

rough surface, and some disorder of the long range–ordered hexagonal pores. The 

Griess reagent appears to absorb mesoporous silica nanoparticles with both physical 

and chemical absorption. Both nanoparticle form and the nanoparticle sheet form 

made by binding with a starch solution that the Griess–adsorbed nanoparticles for 

colorimetric testing of nitrite. The colorimetric thin sheet rapidly time to change from 

white to red–violet within 3 min at pH 6 without any interference from other common 

ions, as well as a seawater matrix. The developed sheet was used together with DIC 

for quantitative analysis of nitrite to allow rapid on–site. This colorimetric sensor 

provided high sensitivity, rapid response, good selectivity, high accuracy and high 

precision, which presented a wide linear range (0.05 to 2.50 mg L−1) with a low 

detection limit (15.0 μg L−1–NO2
−), good inter–day precision (1.93%RSD), and 

excellent accuracy (2.67% relative error). Application of the method developed for 

nitrite detection in seawater samples collected in Phuket. There is a good correlation 

with results obtained from the standard method (spectrophotometry). The colorimetric 

sheet developed can be produced at a cost effective (USD 0.04 per sensor), while 

standard smartphone can conduct using a camera for DIC. Therefore, the method 

developed in this work can be applied to the monitoring of nitrite analysis in water 

that a much easier, cheaper, and rapid. 

 For the second part of the work, a  novel calcium silicate hydrate 

composite starch cryogel for phosphate removal and recovery. The natural gel 

precursor prepared from rice flour, tapioca starch, and limewater (saturated calcium 

hydroxide solution as the cross–linker) was mixed with C–S–H at 7.5% w/w.          
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The OH groups in starch molecules interact with Ca2+ ions in limewater with alkaline 

conditions by physical cross–linking via van der Waals interactions, while C–S–H 

attached to available OH groups in the starch network. The gel after gelatinization 

was then frozen (–18C, 24 h) and thawed (at room temperature) for 3 cycles 

providing an interconnected macroporous composite with sponge–like structure. This 

had the C–S–H nanoparticles immobilized in a floatable monolithic starch cryogel 

network, resulting in much easier adsorbent recovery without loss. Phosphate ion 

presented in an aqueous phase (pH 5.5) can be eliminated using Cry–CSH, as it 

reacts with Ca2+ and/or Ca–OH linkages on C–S–H and Ca(H2PO4)2 and/or CaHPO4 

were shown on cryogel surface forming. The equilibrium of phosphate adsorption was 

found at 120 min. The optimum conditions represented adsorption capacity of 2.50 

mgPO4
3-/gCry-CSH (64.52 mgPO4

3-/gC–S–H) respectively. The phosphate removal by 

Cry–CSH described well fit with the Freundlich isotherm model, while adsorption 

kinetic data results were well fit with the pseudo second–order model. The 

thermodynamic was calculated by activation energy (Ea) of 43.9 kJ/mol indicated 

chemical adsorption, while a positive enthalpy change (ΔH0, 19.3 kJ/mol) indicated 

the endothermic nature of phosphate adsorption. Cry–CSH can float on aqueous 

surface for passive phosphate adsorption for at least 105 days without damage.       

Cry–CSH was removed phosphate in real samples from wastewater and effluent 

samples with high removal efficiency (> 98%). After adsorption, Cry–CSH was 

biodegraded within 10 days when buried in soil, which, can be further directly used as 

a fertilizer in agriculture. Thus, the work has demonstrated the significant potential of 

Cry–CSH for practical and environmentally friendly phosphate removal and recovery. 

 As Phuket and many regions of Thailand  are facing with the problem 

involving the increasing of nutrients in aquatic ecosystems due to various 

anthropogenic activities leading to deterioration of the ecosystem and can accelerate 

eutrophication, the development of colorimetric sensor for on–site detection of nitrite 

would thus be benefit to Thailand as such pollutant would be rapidly detected with 

simple and accurate colorimetric test kit. That is, anyone can apply the developed test 

kit for monitoring the environmental pollutant that could help the government officers 

to look after the environmental situation. The development of bio–adsorbent for 

removal of nutrients in water samples is also benefit to Thailand to reduce 
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contaminated nutrient in water. Since bio–adsorbent developed in this work could 

biodegrade in soil, the nutrient adsorbed bio–adsorbent could be further used as 

fertilizer. 
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