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Abstract

Phosphorus is an essential nutrient element inrveataronment for the growth of
aguatic plants and algae. A large amount of phaspghan water body is often
responsible for algal bloom and eutrophication, chhcauses many environmental
problems. Further, phosphorus is also an un-renlewabourse which is necessary in
food production for human beings. The reserves laisphorus in the world will
deplete in 50 - 100 years. Thus, the removal osphors in water body and recycling
of phosphorus from P wasted water is necessaryuagent. The objective of this
research is to develop a high capacity novel phatepladsorbent for phosphate
removal and recycling from aqueous solution. Thpsets of work have been
conducted.

1. Kanuma mud had been selected as basic materiflrber material development.
Laboratory-scale batch experiments were condudedviestigate the efficiency
of Kanuma mud for phosphate removal from aqueolistisn. The adsorption
isotherms, kinetics, desorption rate and some ffacoch as temperature, pH and
dosage were investigated. The phosphate adsonmsuits fitted the Freundlich
isotherm model very well, and the adsorption precgas an exothermic reaction
which could be described by a pseudo-second-orideti& model. A maximum
phosphate adsorption capacity of 2.13 ritgagis achieved under the condition of
4 g L'* dosage and 50 mg'Linitial concentration, and the effective phosphate
uptake step could be attained in 90 min. The adisorperformance was the best

at pH 6, and theadsorbed phosphate on the Kanuma ncodld be hardly



desorbed in deionized waterhese results showed that Kanuma mud processed
great potential for using as an absorbent for phaigpremoval from aqueous
solution.

. A novel tablet porous material (TPM) was furtheveleped from Kanuma mud
(K - mud), corn starch and calcium oxide. Laborgterale batch experiments
were conducted to evaluate the phosphate adsorpapacity of TPM from
agueous solution. The adsorption isotherms, adsarpkinetics, phosphate
recycling and major factors such as temperatureaqpHdosage were investigated.
The phosphate adsorption results fitted the Frecimdéotherm model very well,
and the adsorption process was an endothermic @otageous reaction which
could be described by a pseudo-second-order kimatdel. The maximum
phosphate adsorption capacity was 4.39 rifgugder the condition of 4 gL
dosage and initial pH of 7. Its equilibrium could attained in 2 h. The solution
pH had little effect on TPM phosphate removal wipéhvaried from 5.0 to 9.0.
70.29% of adsorbed phosphate could be recycled @t2emol L* HCI were used
as eluant, and the present developed TPM coulcetevered and reused for 5
times. The adsorption capacity would be continupdskreased with the increase
of elute cycles. The adsorption capacity was 1.815 g* for raw TPM and
decreased to 0.466 mg'after 5 cycles. This novel developed TPM is a
promising adsorbent than other clay mineral matef@a phosphate removal from

wastewater.



3. The adsorption performance of developed TPM wahdéurenhanced through an
electrochemical surface modification (ESM) methddboratory-scale batch
experiments were conducted to compare the phosg@userption capacity of
TPM and ESM modified TPM (ECTPM) from aqueous dolut The adsorption
isotherms, adsorption kinetics and major factorhsas temperature and pH were
investigated. The phosphate adsorption resultedfithe Freundlich isotherm
model very well, and the adsorption process wasnalothermic and spontaneous
reaction which could be described by a pseudo-skooter kinetic model. Under
the condition of 4 g X dosage and initial pH of 7, the maximum phosphate
adsorption capacity was 3.61 mg gnto TPM and 5.36 mg“gonto ECTPM,
respectively, and the equilibrium could be attaime® h. The solution pH had
little effect on TPM phosphate removal when pH edrirom 5.0 to 9.0. ECTPM
and TPM are of high selectivity on phosphate adsmp This newly developed
ECTPM is also promising than other clay mineral emats for phosphate
adsorption from wastewater.

On the whole, Kanuma mud and the developed TPMdcbalused as effective
phosphate adsorbent from aqueous solution. In iadditthe new developed
electrochemical surface modification (ESM) methaulld be used for adsorbent

surface modification.
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Chapter 1 Introduction

1.1 The world’s water resources & wastewater treatrant

During the past century, the world population &thl the use of water increased
and followed the world population. In human lifedandustrial activities, agriculture
irrigation accounts for 70% of global water witheheds, and municipal accounts and
industry usage accounts for 30% [1]. The incregsagulation brings about many
environmental problems, about 50% of wetland invtloeld gave disappeared during
the past century [2]; some rivers might dry up andlonger reach the sea [3], and
result in the extinction of freshwater aquatic aasn Further, many important
groundwater aquifers are being mined leading tcewttble dropping, and some of
them were damaged by permanent salinization. #stimated that water use will
increase by about 50% in the coming 30 years [pprAximately 3.7 billion (about
half of the world population) people were estimatedlive under severe water
shortage condition, especially in Africa and Middast (in which about 1.1 billion
people can not access to safe drinking water; a@dilion people lack access to
improved sanitation facilities) [4].

Most nations confront two major water resourcedlehges. Firstly, all countries
face challenges in regulation and laws developmmgnanage water resources in an
economically productive, socially acceptable angirenmentally sustainable way.
Secondly, all countries have difficulties in watefrastructure maintaining and
developing for an appropriate stock of water resesir The cost of water
infrastructure will rapidly rise up in many natiodse to these challenges. The World

Bank [5] reported that the cost of water or futpreject is 2 - 3 times higher than that



of the previous one. The Water Infrastructure Nekw@VIN) reported that the annual
investment gap for municipal wastewater and drigkivater system during 2000 -
2020 would reach $24.7 billion [6], and over they2@r period, $940 billion is
required for wastewater and drinking water investim&]. Further, irrigation is a
high volume in water use. The growth of world p@tign would extent the water use
in irrigation, and burdens the water shortage.

In the present world, approximately 150 - 200 roilihectares of land are drained
up, including 100 - 150 million hectares of raimHand and approximately 50 million
hectares of irrigated land. This part of land patl 10 - 15% of global food [8].
Drainage developments are desired to improve dgrrall productivity. The global
irrigated land increased by more than 2% per yaathe 1960s and 1970s, and
decreased to 1.6% in the 1980s [9]. Thus, it candmeluded that the increase usage
of groundwater used in irrigating is foreseeabéxduse of greater certainty of
supply, advances in technology in many instancesemment subsidies for power
and pump installation. At present, the increasieg af groundwater has led to the
overexploitation of groundwater resources in som@ @and semiarid regions, where
water tables are falling. Consequently, properafsgater for irrigation and drainage
is essential for sustainable water resources mamagfe

On the other hand, continuous growths of populatiod industrialization have
resulted in the degradation of various ecosysterwioich human life relies, such as
ocean and river. These systems are always polloyedischarging inadequately

treated wastewater. Many pollutants may be easityoved before discharge into the



environment, but the treatment became more and wtiffreult after the pollutants

dispersed into the environment. To realize theasnable water use and relief the
burden on aquatic environment, wastewater treatstemild be considered seriously.
At present, diverse contaminants are produced mamulife and industrial activities
and discharged into aquatic environment. In muaicipastewater, large amount of
organics, N and P are existed, N and P will algetex low concentration either the
wastewater were treated. This part of N and P wdéedd to many environmental
problems when they are accumulated in the enviromnTdus, the treatment of N, P
and organics in wastewater is urgent and necedsarglieve water shortage and

realize wastewater recycling to a certain extend.

1.2Phosphorus issues

Phosphorus is an essential nutrient element in fooduction, playing a major
role in agricultural and industrial development. tine 2f' century, the world
population is about to 7 billion [10], the requirent of phosphorus in agriculture will
largely increase. Further, phosphorus is also usethany other fields, such as
production of automobile battery, surface additiveolar LED panel production and
digital device product (television, camera, etdn).addition, the development of
bio-field is based on sufficient phosphorus supplyit could not advance develop if
the shortage happened.

At present, phosphorus is always obtained fromtdinphosphorus-mineral.

However, the reserve of phosphorus mineral is &chitThe 85% of phosphorus



mineral reserve is centered in 4 nations, includifangolia, China, USA and South
Africa [11]. Actually, the phosphorus resourceChina and USA have begun to be
exhausted. With the time going on, the phosphoresildv be only supplied by
Mongolia. Since 1997, the export of phosphorus maindrom USA has been
terminated. The world phosphorus utilization wotlel threatened if other nations
follow this step. Japan is thd' ®hosphorus consumption nation in the world, al th
consumed phosphorus in Japan was imported fronr otteons. However, with the
phosphorus resources self-protection followed kb, itmport of phosphorus would be
increasingly difficult. The food self-supporting dandevelopment of biomass
techniques would largely limit. Further, to 2050e tworld population will achieve 9
billion [11]; the food production to support suclieage number of population should
be taken seriously. On the other hand, wider afiln of P in human life and
industrial activities enhances the nutrient elemeatl when P-waste is discharged
into water bodies without any treatment, resultingeutrophication and red tide in
lake, reservoirs and ocean. In most cases, phaspher the limiting factor in
eutrophication [12]. The eutrophication resultedniany problems, such as disturbing
aguatic ecosystem, over consumption of dissolvegi@x and aesthetics problems. In
addition, some environmental toxicants like micsisy will be produced when
eutrophication happened; these substances woulactemulated in the bodies of
aguatic animals and finally affect the health oimam beings. Thus, phosphorus
contamination should be avoided. To protect enwitent and surface water, the

discharge concentration of total phosphorus torenment was limited by many



countries, but the development and utilization ledgphorus removal techniques was
different between developed countries and devetpmiountries because of the
economic level and investigation. Thus, the academichange between different
countries should be intensified to save environnbetdveen different countries. Also,

the issue on phosphate recycling should also bsidered.

1.3Phosphorus removal and recycling techniques

In the past decades, the development of techndtwgyhosphorus removal offers
the chance for phosphorus controlling in water emment. The development of
phosphorus removal technologies was started inl@%®s to reduce the content of
phosphorus entering surface waters [13]. It wasialty achieved by chemical
precipitation [14-16], which is also a leading nwthat present. However more
recently, biological [17, 18], crystallization [120] and adsorption [21, 22]methods
have been established and well developed.
1.3.1 Chemical precipitation

The widespread uses of chemical precipitation foremoval in wastewater
treatment were started since the 1950s to cortteoétitrophication in water bodies. It
was developed in many countries at an acceleragitegdue to easy operation.

Chemical precipitation is a physical-chemical pgsaVhen the divalent/trivalent
metal salts were dosed into wastewater, an inselui@tal-phosphate precipitation
would be caused. Iron and aluminum were always asethe effective precipitants

[23, 24]. The flow chart of traditional chemicalegipitation is shown in Figure 1.1.



The phosphorus is removed through primary sedimientaand secondary
precipitation in the chemical precipitation proceldypically produces phosphorus
bound as a metal salt within the wasted sludgesapdrated from liquid phase. The
P-sludge is also valuable when disposed to agultAlthough a high quality
effluent can be achieved, chemical precipitationasgenerally favored because of its

high cost and further treatment needed.
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1.3.2 Biological removal

The biological phosphorus removal techniques werelkbped in the 1950s. The
researchers found that activated sludge could tale up phosphorus for normal
biomass growth under certain conditions [25, 26is&] on this observation, a
number of processes have been developed and theidac system is now firmly
established and serving large populations in theldvorhe advantage of this
technique is obvious (low cost, no chemical materemquired). However, more
complicated plants and configurations are neceg&atly(Figure 1.2). Biological P
uptake is achieved through the following processdle system: a) the phosphorus is
released into the wastewater by microorganism#y lthe subsequent aerobic stage,
the released and extra phosphorus will be takdoyUpAOs (phosphate-accumulating
organisms). The sludge which is rich in phosphowsuld be produced and
discharged from the system, resulting in phosphaamoval from the treatment

system.
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1.3.3 Crystallization

Crystallization was developed in the 1970s. Theyakng of phosphorus from
liquid phase, sewage sludge or sewage sludge ashbeaachieved through
crystallization [28]. In this process, the phospisowas always pretreated through
microorganisms to transfer phosphorus into phospltiaén in which phosphate could
be removed through HAP (hydroxyapatite) productigmocess, in which
Cao(OH)(POQy)s 0N the surface of seed crystal could be appliethéoremoval of
phosphate from liquid [29]. The removed phosphatenfliquid could be used as
phosphorus resources again. Many attempts havetheéno test the applicability of
the phosphorus crystallization process as a phosphiecovery system for phosphate
removal and recycling in wastewater [30-33]. Thmgpal chemical reaction for the
crystallization of HAP is as follows [34]:

10Ca® +6PO +20H "~ — Ca,(OH),(PO,), (1.1)

The traditional phosphorus crystallization processld be explained by Figure

1.3.

10
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1.3.4 Adsorption

Adsorption enables the separation of selected cangsfrom liquid. Compared
to alternative techniques, adsorption is attractoreits relative simplicity of design,
easy operation, insensitive to toxic substances esgeneration and low cost.

In the past decades, many researches were atterfgtedifferent pollutant
removal; it has been widely used in many fieldghsas treatment of dyeing and
decolor wastewater [35], purification of drinkingater [36], refinement of important
content in component [37] and so on. On the otldhthe theoretical research of
adsorption is slower than its application in preetiln the present adsorption studies,
the research focus is mainly concentrated on th@smg aspects:

i. New application development (environmental protectmaterial science, energy
development and refinement).

ii. Exploration of theory and impact factors (isotheeselopment etc.)

iii. Investigation of thermodynamics and kinetics (gufie out the driving force).

iv. Mechanisms investigation.

Based on this situation, the adsorption technicuestbeen widely developed for
environment protection and pollutants removal, sashphenol [38], nitrate [39],
methylene [40], dyes [41], protein [42], arseni8]f[4&hromium [44] and so on (Table
1.1). Also, the phosphorus as a traditional potititean also be removed through
adsorption method. With the development of adsonptnethod, new adsorbents were
appeared at the same time, such as activated cptbpn6], zeolite [46], resin [47],

carbon fiber [48], clay mineral [49-51], etc. Amotigpse adsorbents, clay minerals

12



have been proved to be effective and low cost dresphosphate removal, diverse
clay minerals have been used as adsorbents (TaB)e ificluding alunite [52],
palygorskites [53], bentonites [54], dolomite [2&%olinite [50, 55], goethite [55] and
so on. The phosphorus can be removed through statgorption, chemical
precipitation and chemical adsorption due to thenglex components in the clay
mineral. The clay mineral adsorbents exhibit effectemoval efficiency, but still

drawbacks, such as low capacity, low availabilityapan.

13



Table 1.1 The application of adsorbent/adsorptiowaste & wastewater treatment.

Adsorbate Adsorbent Capacity (mg)g Data source
Phenol Activated carbon fibers 1.09-2.21 [38]
Nitrate Double hydroxides 1.60-4.98 [39]
Methylene  Cotton stalk 147.06-222.22 [40]
Dye Sepiolite - [41]
Protein Bioactive glass - [42]
Chromium  Dolomite 5.67-10.01 [44]

14



Table 1.2 The clay minerals used for phosphaterptisa.

Clay Capacity (mg§ BET surface area (hg) Data Source
Alunite 118 29-148 [52]
Palygorskites 3.73-8.31 287-342 [53]
Bentonites 9.47-10.54 39.30 [54]
Dolomite 8.20-13.50 0.14 [21]
Kaolinite 5.05-17.89 - [50]

Goethite - 47.6 [55]
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1.4 Originalities and objectives
In this field, the researches of adsorption methoel mainly concentrated on
material development. In this study, an attempt wiasl to develop a new material
for phosphorus removal and further for phosphoeayaling. The originalities of this
research were followed
i. The basic material (Kanuma mud) used for phosphads®rption is unique in
Japan and few research on phosphorus removalasteep
ii. The Kanuma mud is firstly developed to granularoadsnt with enhanced
phosphorus removal efficiency.
iii. A new modification method is applied to further anbe the phosphate removal

capacity of the newly developed granular adsorbent.

1.5 The contents and framework of this research
The results of this research were grouped intoetiparts which were presented
chapter by chapter.

I. In the first part of this research, the selectidnoptimum basic material
suitable for phosphorus removal was conducted.phlesphorus removal
capacity was investigated. The adsorption isoth&mngtics, effect of pH and
temperature was measured. The optimum removal tondavas obtained.

il. In the second part of this research, the selectsic bmaterial was used to
develop a new granular phosphorus adsorbent. Thspplorus removal

capacity of the developed granule was investigalée. adsorption isotherm,

16



kinetics, thermodynamics, and effect of pH were snead. The optimum

removal condition was confirmed. In addition, tHeopphorus recycling was
also investigated in this part.

In the third part of this research, the developehglar material was surface
modified through a novel surface modification psseThe phosphorus
removal capacity of surface modified granule waggtigated. The adsorption
isotherm, kinetics, thermodynamics, effect of pHswaeasured. The optimum
removal condition was confirmed.

The experimental framework is briefly illustratedRigure 1.5

17



Objective: Phosphate Removal and Recy:

A 4
Method: Adsorption and Desorpti
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\/I\/Iaximum
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P enhancement: ECTF® v/ Optimun pH
\/Thermodynami

Achievement: (1) A novel TPM was developed for gtage removal
(2) A new modification process was depec

Figure 1.5. The framework of this research.
K-mud: Kanuma mud; TPM: tablet porous materialsME®lectrochemical surface

modification process; ECTPM: ESM modified TPM.
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Chapter 2 Phosphate adsorption from aqueous solutiousing Kanuma mud
2.1Introduction

Phosphorus is an important nutrient element inaserfvater environments for the
growth of aquatic plants and algae [56]. The mgjasf phosphorus used in living
and production activities of human beings is disghd into water environment
finally through natural phosphorus cycle. An oveading of phosphorus in water
environment is often responsible for algal bloomd agutrophication [57-59],
especially in lakes, coastal areas and resenaartsing many environmental damages
such as esthetic problem [60], dissolved oxygen)(D€xrease and destroy aquatic
ecosystems leading to death of aquatic animals [61§ddition, environmental toxin
such as microsystin would be produced in eutropioicgprocess. The microsystin
enriched in the body of aquatic animals and transfieinto human body led to
hepatocellular carcinoma [62]. Thus, the regulatiarits of phosphors discharging
were performed in many nations to prevent thosélpros.

In the past decades, phosphorus removal from wastevinas been extensively
developed, including precipitation through chemigethods [63], activated sludge
[64], ion exchange [65], phosphate crystallizatifg6], etc. Those techniques
achieved effective efficiency of phosphorus rempleat still drawbacks, such as high
cost, low efficiency and complicated operation. tBa contrary, adsorption method is
increasingly used in many researches related vitgsphorus removal because of its

high efficiency and convenient operation. Diverdsabents have been used for

19



phosphorus removal, such as peat [67], alunite, [3&)ygorskite [53], red mud [68],
mussel shells [57], dolomite [21], palm waste [GQE.

Kanuma mud, a kind of inorganic volcano geomateigalery abundant in Japan
especially in Kanuma city (Located in Tochigi prfee). It is widely used in
agriculture and horticulture. Kanuma mud has fural physical and chemical
abilities such as high permeability, water retemtability and porosity. It has been
used for fluoride removal from aqueous [70], buw fstudies can be found on its
phosphorus removal capacity through adsorption austlusing Kanuma mud.

Therefore, in this study, an attempt was tried neestigate the efficiency of
phosphorus removal through Kanuma mud from polliagdeous solutions. The
adsorption isotherms, adsorption kinetics, effddemperature on adsorption, effect

of pH on adsorption, and desorption rate were dised.

2.2 Experimental
2.2.1 Preparation of the phosphate adsorbent

The absorbents used in present study were boughttiie Makino Store, Kiyosu,
Japan. It was manually smashed and sieved, angattieles less than 30dm were
selected. The absorbents were washed by distile@rwor five times and dried at
temperature of 66C. Thermal treatments were performed at temperaififie20 °C
last for 24 h (dewater) after washing. The dewatéfanuma mud was examined by
X-ray diffractometer (XRD, RINT2200, Rigaku, Japaenergy dispersive X-Ray

Spectroscopy and scanning electron microscope (ZEMD series philips, Holland)

20



to obtain its physical, chemical and surface chargstics; Brunauer-Emmett-Teller
(BET) specific surface area was obtained by a aisljevice (Coulter SA3100, US)
using the He - Bimethod. All the equilibrium phosphate concentraticas analyzed

with the ascorbic acid method (4500-P E) [71].

2.2.2 Adsorption experiments

Phosphate adsorption isotherm study was carried Aot amount of 0.5 g
prepared adsorbents was added in a test tube (bWvithiseries initial concentrations
of phosphate (anhydrous KPIO,, analytical grade). The concentrations were rangin
from 5 to 50 mg L}, respectively. The test tubes were set in a thstamoat
temperature of 25 + %C. Centrifugations were performed at 5000 rpm fonib after
equilibrium. The supernatant liquid was used foogghate concentration analysis
after filtered through a 0.4bm membrane filter. The adsorption isotherms can be

obtained by fitting the experimental data to tHatesl isotherms.

2.2.3 Kinetic experiments and effect of different initial concentration

Phosphate adsorption kinetic studies were condudteda thermostat at
temperature of 25 + €. An amount of 1 g samples were put into a sesfeest
tubes (50 mL) with the concentration of 10, 15 @&fdmg L* phosphate solution
(anhydrous KHPQ,, analytical grade). The time intervals were 5,2M, 30, 90, 120,

180, 300, 420, 600, 840, 1020, 1320 and 1440 respactively. Centrifugations were
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performed immediately each time, and the resulwrernatants were used for
phosphate determination after filtered throughd® @m membrane filter.
2.2.4 Effect of pH on phosphate adsorption

Twenty five milliliter phosphate solutions (10 mg)Lwere added in 12 test tubes
set in a thermostat at a temperature of 25&,Jand 0.5 g of adsorbent was added to
each tube. Different amount of 0.1 M HCI and NaOEkrevused to adjust pH value
range from 1.5 and 2 to 12, all the test tubes veaygped after dosing to avoid

evaporation, and the phosphate concentration weisgrdined after 24 h.

2.2.5 Effect of temperature on phosphate adsorption

The effect of temperature on phosphate adsorptias mvestigated at fixed
amount of adsorbent and initial concentration of § L. An amount of 1 g
adsorbent was added in each test tube with 50 nokpitate solution. The pH of the
suspension was adjusted to 5.8. Then the test titleshe content were capped and
set in a temperature thermostat at different teatpes (5, 25 and 3%). At the end
of 24 h treatment, centrifugations were performédb@00 rpm for 5 min after
equilibrium. Supernatants were obtained and fittetferough a 0.4um membrane

filter for phosphate concentration analyzing.

2.2.6 Desorption studies
The phosphate desorption studies of P-adsorbed rKanmud were also

investigated. Amounts of 1 g prepared adsorbené added in a test tube (50 mL) at
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different initial concentration of phosphate (antogs KHPQ,, analytical grade).
The concentrations were 1, 2, 5, 10 and 15 mgrespectively. The test tubes were
set in a thermostat at a temperature of 25°€.1The equilibrium concentrations of
phosphate adsorption were determined after 24 a.phosphate adsorbed absorbent
was filtered and dried for 2 h at 8G, and then added into 5 test tubes with 50 mL
distilled water, respectively. All the test tubesres shaken at 200 rpm in a
temperature controlled orbital shaker to enhancacti@n equilibrium at room
temperature of 25 + 2C. The equilibrium concentration of phosphate detsom
were determined after 24 h, centrifugation alsofguered before concentration

analyzing.

2.3Results and discussion
2.3.1 Characterization of Kanuma mud absorbent
The XRD spectrums are shown in Figure 2.1c. Thekpegere complex in

spectrum and some of them were overlapped becduke oomplicated components
in Kanuma mud. The XRD patterns of the Kanuma nreds&rong with distinct peaks,
implying a higher crystallinity degree of the majmomponents. According to the
XRD data analyzing, the reflections described ia flygure might be defined as
boehmite (JCPDS 74-1895), goethite (JCPDS 81-0468) periclase (JCPDS
45-0946). Table 2.1 showed the composition of Kamunud from an EDX analysis,

it is obvious that the mainly composition of Kanumad are metal oxides.
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The scanning electron microscope (SEM) images ofuea mud adsorbents are
shown in Figure 2.1a and Figure 2.1b. It is obvipusbserved that lamellar and
porous morphology widely exist. It indicated tha¢ge structures supplied larger BET
surface which would play a positive effect on agson sites during phosphate
adsorption process. The results of BET is showhainle 2.1, indicating that Kanuma
mud possessed a large specific surface area aadpmte volume which largely
higher than other similar materials, such as fllg, adag and red mud (0.66, 1.11,
14.09 nf g, respectively) [72]. This result implies that Kama mud can be used as
an absorbent for phosphate adsorption. In additt@BJH pore size distribution was
illustrated in Figure 2.1d. The proportions of pdrameter in the range from 20 to 80
um, 6 to 20um and over 80um accounted for 26.71%, 39.51% and 15.14%,
respectively, indicating that Kanuma mud is a tgpimesoporous (majority pores

distribution: 2 - 5(hm) geomaterial according to IUPAC classification][73
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Figure 2.1. Morphology and characterization of Kmaumud: (a) Scanning electron
microscope micrographs of Kanuma mud adsorbent&V,2&5000; (b) 20kV,
x10000; (c) XRD spectrums patterns of Kanuma Mudpdehmite; B: goethite; C:

Periclase; D: AlOs; (d) Adsorption BJH Pore Size Distribution.
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Table 2.1 The BET data and composition of Kanumd.mu

BET Surface area Langmuir Surface area  Pore Volume

Values 107.04 Mg* 91.360 Mg™ 0.1694 mL ¢
Correlation coefficient ( 0.999 0.998

EDX analysis results

FeOs;  MgO AlO3 SiG CaO MnO
2.2 0.58 38.41 56.11 2.1 0.62

Content (%)
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2.3.2 Adsorption isotherm
The equilibrium uptake capacity of phosphatdmg g*) was calculated by the
following equation (2.1):

— (CI _Ce) XV
° 100w (2.1

where G and G are the initial and equilibrium phosphate conagidns (mg L), V
is the volume of phosphate solution (mL), w is thess of adsorbent (g),
respectively.

In order to estimate the maximum phosphate adsorgthpacity of Kanuma mud,
Langmuir and Freundlich isotherm models were agdpt@ describe the adsorption
behavior. The Langmuir isotherm and the Freundisdiherm can be presented by

[74]:
. Q bQC, 2p.

(2.3)

where @ is equilibrium phosphate concentration on adsdrbemy g'), C. is
equilibrium phosphate concentration in solution (Y, Q is estimated monolayer
capacity of the adsorbent (mgYg b is adsorption constant,; Kmg g% is the
Freundlich constant, and n is the Freundlich expbn@/hile Langmuir isotherm
parameters Q and b could be obtained by plottidgs) versus 1/Ce), Freundlich
isotherm parameters could be obtained by plotggye versudog C.. The Langmuir
model is often used to demonstrate a monolayerilolision of adsorbate within the

adsorbent, and the Freundlich isotherm model usué#ind to describe a
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heterogeneous adsorption process, and assumingdiffetent sites with several

adsorption energies were complicated [75].
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Figure 2.2. The curves and parameters of LangnmaiFaeundlich isotherms.
Initial P concentrations: 5 to 50 mg*LTemperature: 25 + 9C. Adsorbent

dosage: 10g
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Figure 2.2 shows the curves and correspondingasotiparameters of Langmuir
and Freundlich isotherm models. Theéddtained from Eq. (2.3) was higher than 0.99,
indicating a very good mathematical matching byuRddich models. The correlation
coefficient of Freundlich model R= 0.990), much greater than that of Langmuir
model indicates that the phosphate adsorption #&@ouma mud is more like a
complex adsorption process with diverse energésicildution of adsorption sites and
with interaction between the adsorbate. This olzem might also be contributed by
the different phosphate affinities for various nhetgides existed in Kanuma mud.
The estimated monolayer maximum adsorption capaianuma mud was 1.14 mg
g*, the practical value would be larger due to theetogeneous adsorption process.
In this study, the practical adsorption capacitg\8al3 mg g under the condition of
lower dosage (4 g1) and higher initial concentration (50 mg')L This value was
much larger than many adsorbents, such as furdage(s43 mg @) [74] and red
mud (0.58 mg Q) [76]. Besides, the constant of &d n in Freundlich model denote
the adsorption capacity of the adsorbent and dewidtom linearity of the adsorption
process, respectively. A higher value of n (n *iplies favorable adsorption. In this
study, n is 5.46, indicating that Kanuma mud has fotential capability for
phosphate adsorption from aqueous solution. Intaddithe Kanuma mud can be

used in agriculture and horticulture after phosefzatsorption in practice.
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Table 2.2 The parameters of pseudo first-order tkinenodel and pseudo

second-order kinetic model for phosphate adsorpiging Kanuma mud.

Initial Con Pseudo first-order model Pseudo second-order model
 ge(mgg’) ki(min?) R°  q(mgg) ko(g(mgmin)) R

10 mg L* 0.094 1.87*1G6  0.955 0.47 0.203 0.999

15 mg L 0.13 1.88*1G  0.929 0.58 0.166 0.999

20 mg L* 0.16 1.85*1G¢  0.936 0.71 0.131 0.999
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2.3.3 Adsorption kinetics and effect of contact time.

The effects of contact time and adsorption kineticsly always play an important
role in the evaluation of adsorption process arwit provide further information on
the process mechanisms. In this study, pseudaediidgr kinetic model and pseudo
second-order kinetic model were applied to exantime kinetics of phosphate
adsorption onto Kanuma mud.

The pseudo first-order kinetic model is expressedEg. (2.4) and can be
simplified as Eq.( 2.5) after integration with theundary conditions being set €0
and gwhen t = 0 and t, respectively) [77]:

%k (0,-a) 2.

log(@. - a) =logq, -kt (2.5)
where g (mg ¢*) and g (mg g') are phosphate adsorbed amount at equilibrium and
time t, respectively; Kis the rate constant for the pseudo first-orderetc model
(min™).

The pseudo second-order kinetic model is expreaseHq. (2.6), which can be

simplified as Eq. (2.7):

d

=k -a)’ (2.6
t 1 t

=t e
q ko de

where k is the rate constant for pseudo second-order ikimeodel (g (mg min)Y).

The values of kand @ are calculated from a plot {fq;) versud.
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Figure 2.3. The effect of contact time and curvepseudo second-order kinetic model: (a) The efééatontact time with different
initial concentration of phosphate; (b) The curw#spseudo second-order kinetic model with differ@mtial concentration of

phosphate. Initial P concentration: 10, 15 and 80Lth Temperature: 25 +°C. Dosage: 20 g'L
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Figure 2.3a shows the effect of contact time onsphate adsorption using
Kanuma mud, and a three-step natural process wabitexl: a rapid reaction step
(step A) in 0 - 90 min; a slow reaction step (s&pin 90 - 1020 min and an
equilibrium step after 1020 min (step C). About®®0.8 and 88.9 % (when initial
concentration was 10, 15 and 20 mg, kespectively.) of whole adsorption process
was completed in step A. The phosphate was rapidborbed until 90 min maybe
attributed to with the surface adsorption, and mguantities of available vacant
adsorption sites supplied advantageous effecteemA. In addition, a higher driving
force [60] caused by high concentration enhancectirgact chance between the
adsorbate and absorbent hence a higher adsorptimrerey on phosphate by
Kanuma mud. Further, the step B lasted about 1itihthe phosphate adsorption to
equilibrium. During this stage, a little amountpsfosphate was absorbed mainly due
to the quantities decrease of vacant adsorpti@s sih the surface of Kanuma mud,
and the decrease of the driving forces due to dueedise of phosphate concentration
in solution. The equilibrium was achieved at 102(n,,mo advance removal
efficiency reflected in equilibrium step (Step Sjep B maybe related with the inner
diffusion adsorption of the Kanuma mud and to thessibility of chemical
precipitation reaction with the metal componentstamed in Kanuma mud, such as
Fe, Al, Ca, Si, etc [52, 67, 78, 79].

The fitted curve and parameters of kinetic modeésshown in Figure 2.3b and

Table 2.2 It is clear that the phosphate adsorgifogess onto Kanuma mud could be
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well described by pseudo second-order model becatigke higher correlation

coefficient (R > 0.999).

2.3.4 Effect of pH on phosphate adsorption

Phosphate dissociation equilibrium in agueous swiuis pH-dependent, which
can be presented in Figure 2.4a [55]:

For a detailed description, with pHs ranges fromo 30, HPO, and HPG* are
majority species. To be more cleanP®, prevails when pH ranges from 5 to 7 and
the content of HP§)" is higher when pH ranges from 7 to 10; with pHsges from
10 to 12, HP@ prevails than P§, and PG> becomes majority when pH is higher

than 12.
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It is well known that phosphate is usually consedeto be removed through an
inner-sphere ligand ion exchange mechanism [81¢ iietal oxidation hydrolyze
reaction can supply OHvhich is possibly used in inner-sphere ligand éxchange
mechanism [82]:

M,O, + yH,O — xM " + 2yOH - (2.8)

The producedM®™* in metal oxidation hydrolyze would uptake phosphat

through an electrostatic interaction which coulcekpressed by Eq. (2.9)

0]

+(2y/x) n H
@llllll -------- mill Q—P—OR
|

OR (2.9)

Considering the hydroxyl protonation and the dgfgr phosphate species
dominated in different pH solutions, the followimgactions may be included in

phosphate removal through Kanuma mud:

H O

EM—O'i +PO — EM—O—|I|’—O' + H,0
H o (2.10)
H

EM—Ot + PO, + H*—»zM—Q—}ll—O' + H,0
H OH (2.11)
,H 0

EM—di + PO + 2H+—>EM—o—g—OH + H,0
H OH (2.12)

The overall reaction could be expressed as:

--------------------------------------------------------

=+

—M O\ O—P—OR|—™» —M—0—P—OR + H,0

OR OR (213)
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In the case of phosphate at different pH conditiba,binding sites are protonated
(M-OH,"), Consequently, a higher coulombic attraction ésrbetween the binding
sites and phosphate in addition to chemical intemacleads to higher phosphate
uptakes, which are shown in Egs. (2.10) to (2.13).

Further, phosphate-metal precipitation reactionnmseeo be an alternative
explanation, which could be presented as:

XPO +3M* = M,(PO,), (2.14)
where M is metal component, such as Al, Fe, CagtSi,

The phosphate adsorption by Kanuma mud can be yrdfp affected while
changing of pH value. The equilibrium phosphate aeah efficiency slightly varied
between 87.52 - 96.06 % when solution pH ranges Bd to 6.0. The results (Figure
2. 4b) showed that the removal efficiency of ph@dptwas founded at pH value of 6
when Kanuma mud was used as absorbent. Figure.ahdaEqs. (2.10) - (2.12)
indicatd that monovalent dihydrogen phosphateP®) and divalent hydrogen
phosphate (HP§)) could be well adsorbed by Kanuma mud. The phdasphptake
decreased sharply with the increasing of pH vadsegcially at pH of 12 (0.144 mg
gl). This observation was possibly caused by thealepation of oxide/hydroxides
under higher pH conditions which could be expressed

=M-OH =M -0 +H" (2.15)

This reaction may result in a negative change diasa charge of Kanuma mud
and hence the decrease of phosphate adsorptionityapa addition, the functional

group (-OH) were destroyed in the deprotonationcess, leading to phosphate
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release and decrease in phosphate adsorption delectoostatic repulsion. Also, the
competitive adsorption of OHons probably plays a significant role within highi
conditions.

On the other hand, the phosphate uptake also dectatowly with the decreasing
of pH value in solution, which reduced to 74.27%phkk 1.5. As mentioned above,
H.POy could be removed effectively by Kanuma mud (EqlZ)., thus HPO, seems
difficult to be adsorbed (Figure 2.4a).

Kanuma mud was found rich in Fe and Al contentsbl@&.1). These metal
oxides and hydroxides are mainly existed as oxygems and hydroxyl groups form
on the surface, providing the absorbing sites fargphate adsorption. The charges of
metal oxides and hydroxides complexes in the nwterare easily affected by
solution pH, which also affects the phosphate guignr. When pH value decreased,
the metal oxides/hydroxides became unstable amtedtto dissolve, leading to the
number decrease of adsorption sites for phospldagergtion. The result is similar
with that of M. Ozacar [83] who claimed that maximuphosphate adsorption
occurred at pH 5 using alunite, and also agreds megults of Xiong and Mahmood
[67] who obtained the maximum phosphate adsorpdtopH 6.5 and the adsorption
amount decreased with either decreasing or inergagH when using peat as a

phosphate absorbent.

2.3.5 Effect of temperature on phosphate adsorption
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The effect of temperature on phosphate adsorptias imvestigated, and the
results are shown in Figure 2.5a. The results stiavat the phosphate adsorption
from aqueous solution almost unchanged when init@ncentration was
comparatively low, but the phosphate uptake deeckawith the increase of
temperature when initial concentration of phospheas higher than 5 mg™L The
removal efficiency of 57.44% at 35 °C and increase61.84% at 25°C, 64.48% at
5 °C, respectively. It is a rare (most of minetag@bents was endothermic process.)
in agreement with the reports on phosphate adsorpty peat [67] and fly ash [84]. It
is obvious that the process of phosphate adsorptias an exothermic process of
which decreasing of temperature enhances the phtesphptake. In practical
condition, the temperature of surface water, siuchalke water is always lower than
26 °C even in summer [85]. Kanuma mud could bezetl in low temperature and

better removal efficiency would be achieved.
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2.3.6 Desorption study

The phosphate desorption experiments were perfonmgd5 initial phosphate
concentrations (1, 2, 5, 10 and 15 md) at pH value of 6 and room temperature. The
adsorption capacity was calculated as 0.05, 0.122,®.35 and 0.46 mg gwith
initial concentration of 1, 2, 5, 10 and 15 mg, kespectively.

Figure 2.5b shows that almost no desorption ocduafeer phosphate adsorption
onto Kanuma mud when phosphate adsorbed was Ibarr.11 mg § at a dosage
of 20 g L*. With the increase of phosphate adsorbed on aelspra little amount of
adsorbed phosphate started to be desorbed. Thie shewed that 0.012 mg’gof
adsorbed phosphate could be desorbed when init@bdrieentration is 15 mg™L
Therefore, phosphate absorbed Kanuma mud may bebkufor applying as a soil
fertilizer due to the slow release rate of absoripbdsphate. Thus, no further

treatment was required for the phosphate adsorlaaditda mud.

2.4 Conclusions

According to this study, the Kanuma mud exhibitedsithble phosphate
adsorption ability. The adsorption process condistethree steps: rapid, slow and a
stable process. The former finished in 110 min toedlatter extended to 24 h even
more. The Freundlich isotherm model and pseudorskooder model can well
describe the sorption process. The phosphate datsogificiency mainly depended
on pH and temperature, in which the optimal adsompamount was the best at pH 6

and comparatively low temperature can enhance tsorption efficiency. The
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phosphate sorption capacity was also related tantéel oxide component exist in
Kanuma mud. A little amount of phosphate on theodiEnt was desorbed. Besides,
the Kanuma mud which adsorbed phosphate is friciodiiye environment. No further
treatment is required for phosphate absorbed Kanuomoa, and the absorbed

absorbent can be used as soil fertilization.
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Chapter 3 A novel tablet porous material developeés adsorbent for phosphate
removal and recycling
3.1Introduction

A large amount of phosphate discharged from urdceatastewaters, fertilizer
industries, etc. into water body is often respdesitr algal bloom and eutrophication
[86-88], especially in lakes, reservoirs and cdastas. On the other hand, P element
is necessary for human beings, and the lack of IPlimit food production for our
growing world population [89]. Besides, phosphate also be used in other areas,
such as photocatalysis [90], electrochemistry [@id bioceramics [92]. Phosphorus
as an un-renewable resource is estimated to betddpin 50 - 100 years based on
current global reserves [93]. So P recycling froastewater and reusing is important
and urgent.

Adsorption may be the most promising process whkimgj P removal efficiency,
operation convenience, P recycling and reusinggotwsideration. Diverse adsorbents
were tested for phosphate removal, such as pehtgélgygorskite [53], alunite [52],
mussel shells [57], active red mud [94], ferricdga [95], dolomite [21], and resin
[47]. Although effective phosphate removals haverbachieved, these adsorbents
can’'t be widely applied in practice due to theifidulties in separation from aqueous
phase (powder materials, such as bentonite andnred] etc) or high cost (resin).
Thus some new, effective and low-cost adsorbertst@r necessary to be developed

to solve the above mentioned problems.
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In Chapter 2, Kanuma mud was used for phosphateowvamand exhibited
effective phosphate removal efficiency. The compasiof K-mud mainly consists of
silicon and metal oxides, such as §i8I,0;, FeOs;, MgO, CaO, etc [70].

Further, in this chapter, a tablet porous mateff@®M) was developed from
K-mud, corn starch and calcium oxide to remove phate. Its physical, chemical
and surface characteristics, isotherms model, ametik model were investigated. In
addition, some influencing factors (such as dosagtand temperature) and TPM

regeneration are also discussed.

3.2 Materials and methods
3.2.1 Synthesis of tablet porous material.

K-mud (bought from the Makino Store, Kiyosu, Japargs manually smashed
and sieved, and the particles less than a®0were selected and used in this study.
Corn starch and CaO (analytical reagent) were seghgy Wako Pure Chemical
industries Ltd, Japan.

The TPM was synthesized as the following procesgu(E 3.1), and the
developed TPM were cooled to room temperature ased uin the following

experiments.
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3.2.2 Phosphate adsorption experiments

A stock solution of 50 mg 't phosphate was prepared by dissolving,R&,
(anhydrous, analytical grade) in deionized watdrti#e adsorption experiments were
conducted more than triplicate in 50 mL test tuliesa thermostat (except the
thermodynamics experiments). Considering practioaldition, all experiments were
performed without shaking.
3.2.2.1 Isotherms experiment

A number of 0.2 g TPMs were added into test tulespectively under initial
phosphate concentration ranged from 5 to 50 mgutd initial pH 7.0. Then the test
tubes were set in the thermostat (25%€)L.
3.2.2.2 Kinetic experiment

One gram TPM was individually dosed into test tubastaining 50 mL of 10 mg
L™ phosphate solution. The sampling time intervalsewg 10, 20, 30, 90, 120 and
180 min, respectively (initial pH 7.0, 25 £C).
3.2.2.3 Effect of pH

Fifty milliliter phosphate solutions (10 mg'). were added respectively in 11 test
tubes with 1 g TPM dosed. 0.1 M HCI or NaOH wereduso adjust the initial
solution pH ranged from 2.0 to 12.0. All the tesbds were capped to avoid
evaporation and the pH values were determined 2fte{25 + 1°C).
3.2.2.4 Thermodynamics and effect of temperature

The thermodynamics and influence of temperatur@lossphate adsorption onto

TPM was carried out at temperatures ranging fro@ZBto 308.15K with an initial
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phosphate concentration between 5 and 20 th(ritial pH 7.0, a fixed TPM dose of
4.gLh.
3.2.2.5 Effect of dosage

Twenty mg L* of phosphate solution was used for adsorption udifferent TPM

dosage (initial pH 7.0, 25 +°C). The TPM dosage varied from 5 to 504 L

3.2.3 TPM regeneration and phosphate recycling test

In this trial 50 mg [* of phosphate solution was used for TPM adsorptidter
adsorption, the TPMs were collected and used fosphate desorption. HCI (0.2 mol
L™ and 0.5 mol %) and NaOH (0.1 mol £) were utilized to test the possibility of

phosphate recycling and TPM regeneration.

3.2.4 Analytical methods

TPM was characterized by Energy Dispersive X-RagcBpscopy and scanning
electron microscope (SEM XL40 series philips, haillp to obtain its physical,
chemical and surface characteristics; Brunauer-Btrfiedler (BET) specific surface
area was obtained by a analysis device (Coulter1883US) using the He-Nnethod.
All the equilibrium phosphate concentration was lyred with the ascorbic acid

method (4500-P E) [71].

3.3 Results and discussion

3.3.1 Characterization of TPM
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Figure 3.2a is the photo of pristine TP7Amm, H2mm); the SEM images of
TPM adsorbents (before and after phosphate adsojpire illustrated in Figure 3.2b
and Figure 3.2c. The images obviously showed tbedys texture and structure were
widely developed at the surface of TPM; it mightrhelded during the incineration
process in which corn starch would be burned aiileg porous structure in TPM.
The result indicated TPM would naturally develoganparatively larger specific
surface area that plays a positive effect on adisorpsites during phosphate
adsorption onto TPM. Furthermore, the surface featwf TPM after phosphate
adsorption was different with raw TPM to a certailegree, assuming that
metal-hydroxyl-phosphate ligand component [96] grtibsphate-metal chemical
precipitation [97] might bring about these morplgidal changes of TPM surface
during phosphate adsorption.

The EDX result is shown in Figure 3.2d, and thaitled composition of TPM is

summarized in Table 3.1.
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Figure 3.2. TPM characterization: (a) photo of fins TPM; (b) SEM image of TPM

before phosphate adsorption, 5000x; (c) SEM imageT®M after phosphate
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adsorption, 5000x; (d) EDX results of TPM; (e) pdi@meter distribution of TPM.
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Clearly, TPM is mainly composed of silicon and nhetddes such as ADs, SiO
and CaO. AIO; was reported as a good adsorbent for phosphatesubface
precipitation [98], and the added CaO in TPM cobél transformed into calcium
hydroxides in aqueous solution and supplied largeumt of functional groups (€3
OH) to enhance the chemical precipitation and inpéese ligand exchange process.

The result of specific surface area of TPM and Kdnfliable 3.1) showed that
BET surface area was 107.04 gt for raw K-mud and decreased to 15.404 gi
for TPM, due to the fact that the particle sizea K-mud lower than 30(am while
the diameter of TPM was about 7 mm. The specifitase area of TPM was similar
with red mud, 14.09 fng™* [94] but lower tharhydrotalcite 44 nf g* [60]. In addition,
the pore size distribution (Figure 3.2e) indicatieat TPM was a typical mesoporous
material according to IUPAC classification [73].€l'broportion of pore diameter in
the range from 20 to 80m, 6 to 20um and over 8Qum accounted for 42.51%,
24.18% and 24.54%, respectively. Actually, the bigmass ratio of corn starch used
as a pore-enhancer could increase the pore voliEM, but the structure stability
of TPM would decrease with the increase of mage wtcorn starch. In this study,
the 9.09% (0.5/5.5) mass ratio of pore-enhancer @essrable in TPM synthesis

process.

51



Table 3.1 The detailed results of EDX and spesifidace area of K-mud and TPM.

BET surface area Total pore Volume
Sample Values Monolayer Correlation .
(m*g?) volume (mLg") coefficient values (mL )
K- mud 107.0 24.6 0.999 0.169
TPM 154 411 0.998 0.085

EDX analysis results (TPM)

FeOs MgO AlLO3 SiO, CaO

Content (%
(%) 14.7 9.1 24.5 29.8 21.9
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3.3.2 Phosphate adsorption isotherms and performaecf TPM

The equilibrium uptake capacity of phosphate(mg g*), was calculated by Eq.
(2.2).

In order to examine the maximum phosphate adsarptiapacity of TPM,
Langmuir and Freundlich isotherm models were agpigefit the experimental data,
which can be described as Eqg. (2.2) and Eq. (B8pectively.

The Langmuir model is often used to demonstratecaatayer distribution of
adsorbate within the adsorbent, and the Freund$iotherm model usually tend to
describe a heterogeneous adsorption process agstmindifferent sites with several
adsorption energies were complex [75].

The corresponding isotherms constants of Langnmuir Breundlich models for
phosphate adsorption on TPM were summarized ineTa/@ and Figure 3.3d. Thé R
obtained from Eq. (2.2) and Eq. (2.3) were bothhargthan 0.98, indicating a very
good mathematical fit by both models. And the datren coefficient of Freundlich
model (R = 0.990) greater than that of Langmuir model iatéd that the phosphate
adsorption through TPM is more like a multilayersaigtion process with diverse
energetic distribution of adsorption sites and viitieraction between adsorbed mass.
This observation might also be contributed by tiféeint phosphate affinities for
various metal oxides existed in TPM. The estimatekimum adsorption capacity
(Oma) Obtained from Langmuir model is 4.39 mg', gwhich is close to the
experimental maximum adsorption capacity, 4.01 riigwhen initial phosphate

concentration is 80 mgL(TPM dosage: 4 g1).
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Table 3.2 The parameters of kinetics and isotheodets.

Kinetics models

Pseudo first-order model

Pseudo second-order model

Ge(Mgg) ki(minh) R

ge(Mg g)  ke(g(mgminyh R

0.13 0.016 0.929

0.50 0.606 0.999

Isotherm models

Langmuir model

Freundlich model

Omax(Mg gl) b (L mgl) R

Ki(mggh) n R

4.39 0.243 0.986

1.66 3.89 0.990
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Table 3.3 Comparison of maximum phosphate adsaerptapability of TPM with

other mineral adsorbents.

Adsorbent Gax(mg gb) Source
Na-natural zeolite 2.19 [72]
Natural palygorskite 3.73 [53]
Bentonite 5.54 [99]
Red mud 0.58 [76]

TPM 4.39 This study
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Besides, The Kof Freundlich model refers to the adsorption capaef the
adsorbent (g= K;, when G=1mg ¢") and is always related with temperature and
the physical/chemical characteristics of adsorbeifitee n of Freundlich model
denotes the deviation from linearity of the adsomptsuch as heterogeneity factor. It
also indicates the intensity change of the adsmmpgtirocess. A higher value of n (n >
1) indicates favorable adsorption. It was also tbtimat the newly developed TPM
was superior to other natural clay mineral (mudjasidents based on their maximum
phosphate adsorption capacities (Table 3.3), imglyghat TPM had the potential for

phosphate removal from wastewater in practice.

3.3.3 Kinetics and effect of contact time

The effect of contact time and kinetics study ipariant to evaluate adsorption
process and it can provide further information ba process mechanisms. In this
study, pseudo first-order model and pseudo secomelamodel were applied to
examine the kinetics of phosphate adsorption oftiv.T

The pseudo first-order model is expressed as E4) [27] and can be simplified
as Eq. (2.5) after integration with the boundargditons being set{g 0 and gwhen
t = 0 and t, respectively). The pseudo second-amtzdel is expressed as Eq. (2.6),
which can be simplified as Eq. (2.7).

The effect of contact time on TPM adsorption waswah in Figure 3.3a.
Obviously, the phosphate removal process couldided! into two steps at the time

of 30 min. This observation is similar with the ogpby Fox et al [100] who did the
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experiments using river sediment, but much fasten tother materials like modified
bentonites [99]. 89.08% of removal efficiency wakiaved at the first step (during
the beginning 30 min). In this step, phosphate seetn be removed through surface
adsorption [67], and the more available vacant quiem sites added advantageous
effects to this removal process [60]. The secorp started from 3D min to the
equilibrium, about 120 min. Only a small amountpbiosphate was removed in the
second step possibly due to the decrease of vadsorption sites on the surface of

TPM.
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Figure 3.3. The results of phosphate adsorptioremxents: (a) effect of contact
time; (b) effect of pH; (c) calculation of pseudscend-order model; (d) calculation

of Langmuir and Freundlich isotherm model.
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The constants of pseudo first-order model and psegtond-order model are
given in Table 3.2. Based on the correlation cogffits obtained, it is clearly that the
phosphate adsorption process onto TPM could be we#icribed by pseudo

second-order model under the experimental condit{figure 3.3c).

3.3.4 Phosphate removal mechanisms and effect of pH

Metals mainly exist as oxides and hydroxides in TPNble 3.1), which could
provide adsorption sites for phosphate. Phospkatsually considered to be removed
through an inner-sphere ligand exchange mechar84in Considering that different
phosphate species dominated in different pH salstithe following reactions may be

included in phosphate removal through TPM adsomptio
(1) Surface hydroxyl deprotonation and protonafici:
=M -OH o=M -0 +H" (3.1)

=M -OH +H* -=M -OH," (3.2)

(2) Phosphate-hydroxyl monodentate and protonati@usorbed phosphate:

=M -OH +HPO]” -=M -PO} +H,0 (3.3)
=M -OH +H,PO; +H* ~=M -PO? -2H"* +H,0 (3.4)
=M -OH +POJ +H* -=M - PO} -OH," (3.5)

where M is metal component, such as Al, Fe, Ca, etc
Meanwhile, phosphate dissociation equilibrium in ueous solution is
pH-depended, which can be presented as [54]:
H,PO, « H,PO, +H* pK; = 2.16 (pH< 5.0); (3.6)
H,PO. « HPO;” +H" pKp= 7.20 (5.0< pH < 10.0); (3.7)

59



HPO; - PO +H*  pKz=10.3 (pH > 10.0) (3.8)

The ligand ion exchange process may influence bhevgdue of adsorbent-liquid
system [101]; on the other hand, protonation angratenation reactions are easily
affected by pH change. Figure 3.3b shows the esidilphosphate removal by TPM
adsorption under different initial solution pHs.

Restated, pH plays a significant effect on phospha@moval through TPM
adsorption. The equilibrium phosphate removal ®ficy almost remained
unchanged (slightly varied within 96.59 - 97.79%?him solution pH range from 5.0
to 9.0. Eqg. (3.7) shows that the dominant phospbpeeies should be monovalent
dihydrogen phosphate §FAQ;) and divalent hydrogen phosphate (HPOwhen pH
varied from 5.0 to 9.0, indicating that these twpets of phosphate could be well
adsorbed by TPM (Eg. (3.3) and (3.4)). The optinphinvalue for phosphate removal
was around pH 6.0. This result was in accordande thibse of M. Ozacar [83] and
Yan et al [99] who used alunite and Fe-Al modifiehtonite as phosphate absorbent,
respectively. It is known that extreme pH conditioare scarcely encountered in
natural surface water bodies or wastewater tredtpiants, thus TPM could be used
in practice without pH adjusting.

The phosphate removal efficiency decreased witthéurincrease in solution pH
and sharply decreased when pH > 10.0. At pH 1BDreémoval efficiency reduced to
78.06%, possibly caused by the deprotonation ofledkiydroxides under higher pH
conditions (Eq.( 3.1)). This process may resultecainegative change of surface

charge of TPM and hence the decrease of phosphaiaval efficiency. In addition,
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the functional group (-OH) may be destroyed indeprotonation process, leading to
phosphate release and decrease in phosphate @isobgicause of electrostatic
repulsion. Furthermore, the competitive adsorpttbrOH ions probably plays an

important role under high pH conditions.

On the other hand, phosphate removal efficiencybied a decrease trend with
the decrease in solution pH when gh3.0 (Figure 3.3b), which reduced to 47.89% at
pH 2.0. Eq. (3.6) showed that the dominant phospbkpecies in the solution were
H.PO,; and BPO, when pH was lower than 3.5. As mentioned abow®C4 could
be removed effectively by TPM (Eq. (3.4)), thugPi, seems unable to be adsorbed
onto TPM surface. Further, under extremely low pHbnditions, metal
oxides/hydroxides might become unstable and stadedissolve because of large
amount of H coexisted in the solution, resulting in the deseeaf adsorption sites for

phosphate adsorption.

3.3.5 Effect of temperature and thermodynamics

The influence of temperature on phosphate remoyallBM adsorption was
conducted at 288.15 K, 298.15 K and 308.15 K, retsgy. The result (Figure 3.4a,
initial phosphate concentration 20 mg)Lshowed that phosphate removal increased
with the increasing of temperature when TPM useddsorbent. It strongly proved
that phosphate removal process by TPM adsorption amaendothermic in nature,
implying that the rising in temperature would enterthe binding tendency of

phosphate onto the interface between TPM and pladsph02].
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To confirm the feasibility of this removal proceise thermodynamic parameters
of phosphate removal onto TPM including free endf@), enthalpy (H) and entropy
(S) were calculated by the equations followed [103]

AG = -RT InK.p, (3.9)

AG =AH -TAS (3.10)
where Kpy is the thermodynamic equilibrium constant of theoval process using
TPM. It was computed by plotting(ges/Ce) versusge and extrapolating«£to zero. R
is the universal gas constant (8.314 J Th#{™), T is the temperature (K) of
experiment.

The values ofAH, AG and AS are summarized in Table 4.4. The negative
values of AGindicated that the phosphate removal process by @aB8brption was
favorable, spontaneous and endothermic under maemgerature conditions [99].
The values of AG decreased from -2.08 kJ rifoto -3.08 kJ mot with the
temperature increased from 288.15 K to 308.15 Kicating more efficient
adsorption at higher temperature. The positive esmlof AS revealed that the
increasing randomness at the adsorbent-aqueoudaggeduring the phosphate
removal onto TPM [50]. Furthermore, the positivéues of enthalpy 4 H) strongly
proved the endothermic nature of this removal mesc&vhich was high enough to
ensure strong interaction between adsorbents amdrizates. The increase of
phosphate removal capacity of TPM under higher tzatpre may be resulted from

the activations or enlargement of pore size of TRiMace [99]. This observation is
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similar with the reports when using modified berities and aleppo pine as adsorbent,

respectively [99, 104].
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Table 3.4 Thermodynamic parameters for phosphaterption on TPM at initial pH

7, initial phosphate concentration 20 mgand dosage of 4 gL

AG (kJ mol) AS (I mot K% AH (kJ mol)
288.15 K 298.15 K 308.15 K
-2.08 -2.89 -3.08

49.6 12.1
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3.3.6 Effect of dosage

The effect of dosage on phosphate adsorption ustiited in Figure 3.4b. The
results showed that phosphate removal efficienckemsed with the increase of TPM
dosage, due to that more surface area and adsoffptictional sites were available
under higher TPM dosage conditions. The phospleat®val efficiency increased to
94.32% at TPM dosage of 50 & .Lin contrast, the phosphate adsorption capacity (q
mg g') decreased with the increase of TPM dose, fror@®r8g ¢ at dosage of 5 g
L™ to 0.377 mg g at dosage of 50 g1, respectively.

In addition, different initial concentration of ptjghate seemed to affect\ghich
increased under higher initial phosphate conceatraven under the same dosage of
TPM. For example, gwas 0.495 mg § at initial concentration of 10 mg™Land
increased to 0.836 mg'aat initial concentration of 20 mg, respectively. The result
indicated that the phosphate adsorption saturatbahd not be reached under lower
initial phosphate levels due to lower contact oppaty with TPM surface [95]. In
addition, the desirable adsorption onto TPM at éigimitial phosphate levels may
also be resulted from a greater driving force uniigher concentration gradient

pressure [105].

3.3.7 Phosphate recycling and TPM regeneration

Based on its un-renewable resource attribute, éblamation of phosphate from

P-adsorbed TPM is a good approach for alleviatihg phosphorus shortage.
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Moreover, the further application of TPM in praetidepends not only on TPM
adsorption potential but also on its reusability.

Twenty gram of TPM were dosed in 550 mL of phosetsalution (50 mg E).
The phosphate adsorbed on TPM was calculated 46 t® gTPM through Eq.
(2.1) when equilibrium was achieved. The recychjugntities can be estimated by Eq.

(3.11):

n i Clvl

2.2 =000 (1

where Q (Q) is the recycled phosphate from TPM, n is thme$ of soaking treatment,
Ci (mg L' and \{ (mL) is the concentration and volume of the eluaaspectively.

The procedure of phosphate recycling and TPM ragogeexhibited in Figure 3.5.

67



- --F- P adsorbed TP

-
\ Adsorptior

T
™ o
c -UPsqut|0|
ol Z

E|u<
h —
Recovered TPI] DX

— |
__V

= o+ /

Recycled P solutic

Figure 3.5. The procedure of phosphate recyclin @M recovery.



The data of phosphate loading on TPM (before amer aégeneration) in each
cycle are shown in Figure 3.6. The experiment sliothat TPM could be recovered
under different HCI concentrations and the adsonifeasphate could be recycled in
the recovery process. According to the results29%. of adsorbed phosphate could
be totally recycled in 5 cycles when 0.2 mdi HCI used as eluant (Figure 3.6a, n = 2,
V =50 mL). The phosphate adsorbed and desorbedcalaslated as 4.91 mg and
3.45 mg, respectively. In contrast, 88.85% of phasp adsorbed could be recycled
during 3 cycles when 0.5 mol*Lof HCI were used (Figure 3.6b, n = 1, V = 50mL);
but the phosphate adsorbed and desorbed was &dlyriy and 1.67 mg, respectively.
As the result shown, TPM recovery and phosphatgcheg depended on the
concentration of Hin eluant. H ions might destroy the functional group (-OH) henc
the releases of phosphate [57]. In addition, thesadution of phosphate-metal
precipitation might occur under sufficient kbns. The results showed that high HCI
concentration had disadvantageous effect on theghtade removal capacity of TPM.
The results also indicated that high concentratib”RICl had negative effect on the
phosphate removal capacity of TPM. That is an imperaoncentration of HCI used
as eluent would result in a decrease of phosplateval capacity and recovery
cycles. In this study, the removal capacity de@dasharply at 4th cycle and 2nd
cycle when 0.2 mol £ and 0.5 mol [* HCI used, respectively. This observation
implied a higher potential reusability of TPM fangsphate adsorption when 0.2 mol
L™ HCI used as eluant. Furthermore, little effect wiaiserved when 0.1 mol™L

NaOH used as eluent, disagreeing with the resuRarhesh et al [106] who used
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akaganeite as adsorbent for phosphate removal. gt be attributed to the

different compositions between akaganeite and TPM.
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3.4 Conclusions

In this study, the TPM developed from Kanuma muaincstarch and CaO was
utilized for phosphate removal. The TPM exhibitectedlent phosphate adsorption
ability. The Freundlich isotherm model and pseudoesd-order model matched the
removal process well. The estimated maximum adisormapacity was 4.39 mg'g
better than many other clay mineral adsorbents. rEmeoval process reached its
equilibrium in approximately 2 h, and 89.08% of maral process was achieved in the
beginning 30 min. Furthermore, phosphate removiidieficy mainly depended on
pH and temperature variations. The desirable plgedar phosphate adsorption onto
TPM was pH 5.0 - 9.0 and relatively higher tempsetcould have advantageous
effect on the removal efficiency. According to thleermodynamics result, the
phosphate removal onto TPM was a spontaneous addthemmic process. In
addition, phosphate adsorbed could be recycledyud@l as eluant. The preliminary
tests indicated that the recovered TPM could bgcted for 5 times for phosphate

removal application under the optimum conditions.
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Chapter 4 Electrochemically modified novel tablet prous material developed as
adsorbent for phosphate removal from aqueous soluin
4.1Introduction

The wide utilization of P-fertilizers in agriculeirand industry enhances the
nutrient element load when P residual and wastehdigied into water bodies without
any treatment. It causes many environmental isgi®s61], one of the most severe
problems is eutrophication in surface water bofli€3]. It causes the deterioration of
aquatic ecosystems and the death of aquatic an[&@8$. In most cases, phosphorus
content is the limiting factor in eutrophication2]1 In a word, the removal of
phosphorus has become the focus of investigatiandoyy researchers.

Many techniques have been developed for phosphliernsval such as biological
phosphorous removal processes [109], chemicalgtaton [63], crystallization [66],
electrochemical [110] and membrane bioreactor (MBR11]. Among these
technologies, Electrochemical (coagulation) metisoone worth mentioning because
of its high removal efficiency [112], more than 9086 phosphate can be removed
under optimum conditions. With regard to electraunlstry, defects are also obvious:
such as the difficulty in utilizing it for large aants of wastewater treatment and the
problems of in-situ treatment. The results in ckaBtshowed that effective phosphate
removal efficiency could be achieved by adsorptioethod. In this situation, the
combination of electrochemical method and adsomptian be regarded as a good

alternative for phosphate removal [113].
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Kanuma mud is a kind of geomaterial abundant irmdaganuma mud possesses
some functional physical and chemical abilitieshsas high permeability, water
retention property and porosity. In Chapter 3, bleta porous material (TPM)
consisting of Kanuma mud, corn starch, white cegiem powder and calcium oxide
was successfully developed. In this chapter, TPMewnodified by an ESM process
and then utilized to remove phosphate. The physichemical and surface
characteristics, isotherms model, and kinetic madete investigated. In addition,

some influencing factors (such as pH, temperatndeselectivity) are also discussed.

4.2 Materials and methods
4.2.1 Synthesis of tablet porous material

Kanuma mud was manually smashed and sieved; gasimés less than 3Q0n
were selected. Corn starch, white cement, iron govashd CaO (analytical reagent)
were supplied by Wako Pure Chemical Industries Liapan. White cement was
supplied by DAISO INDUSTRIES Co., LTD, Japan. Thelét porous material was
synthesized using the following steps (the samd-igure. 3.1, Chapter 3): (a)
Smashed Kanuma mud, corn starch, iron powder, wteiment and CaO were
uniformly mixed with a mass ratio of 3: 0.5: 1: 1.: (b) Deionized water was then
added into the mixture to assist the cohesion gde) A granulation procedure was
performed on the tablet granules at room temperat(ad) The resulting tablet
granules were naturally dried at room temperatare2ft h and then calcined for 1 h

in a muffle furnace at 60%C.
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4.2.2 Preparation and ESM process

A cylindrical electrochemical cell (volume: 500 mias designed (Figure 4.1).
Two Fe plates were used as the cathode and areids,a 10 mm plate distance. The
areas of the anode and cathode immersed in thiedrsalution were both 35 émA
DC potentiostat (Takasago, EX1500H2) with a voltagege of 0 - 240 V and a
current range of 0 - 25 A was employed as poweplgupr ESM process of TPM. A
weighed amount (20 g) of TPM was introduced betwdentwo Fe plates, to which
was added 0.5 L NaCl solution (electrolyte) withomcentration of 0.25 g'tat a pH
of approximate 6.7. The modification process wa$opeed for 25 - 30 min (current:
0.25 A) and soaked in the electrolyte for 24 h.aln the soaked TPM was calcined
again in a muffle furnace at 66C for 30 min and named as electrochemical-TPM

(ECTPM).
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4.2.3 Phosphate adsorption experiments

A stock solution of 50 mg 't phosphate was prepared by dissolving,R&,
(anhydrous, analytical grade) in deionized watdrti#e adsorption experiments were
conducted in triplicate in 50 mL test tubes in arthostat (298.15K, 303.15K and
308.15K were selected in thermodynamics experimierdd experiments were
performed without shaking to simulate practicalditons.
4.2.3.1 Isotherms experiment

A number of 0.2 g ECTPMs were added into test tubeer initial phosphate
concentrations range from 5 to 50 mg (50 mL) and initial pH 7.0 respectively.
Then the test tubes were set in the thermostat (R%C).
4.2.3.2 Kinetic experiment

One gram ECTPM was individually dosed into tesegibontaining 50 mL of 10
mg L phosphate solution. The sampling time intervalsen® 10, 20, 30, 90, 120
and 180 min, respectively (initial pH 7.0, 25 £Q).
4.2.3.3 Effect of pH

50 mL phosphate solutions (10 mg)Lwere added respectively to 11 test tubes
with 1 g ECTPM doses. Different volume of 0.1 M H&ild NaOH were dosed to
adjust the initial solution pH ranging from 2.0 18.0 under stirring by a magnetic
stirrer. All the test tubes were capped to avoidpevation and the pH values were
determined after 2 h (25 +°C).

4.2.3.4 Thermodynamics and effect of temperature
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A series of 5, 10, 15 and 20 mg bf phosphate solution were used in this test to
evaluate the effect of temperature under conditafremn initial pH of 7.0 and dosage
of 4 g ECTPM L}, and 298.15, 303.15 and 308.15 K were selectegprfactical
purposes.
4.2.3.5 Effect of selectivity.

A series of 5, 10, 15 and 20 m{ &f phosphate solution were used for adsorption
in the presence of different concentration of métrgA series of 10, 20, 30, 40 and 50
mg L?, initial pH 7.0, 25 + 1°C). The selectivity of phosphate adsorption onto

ECTPM and TPM was tested.

4.2.4 Analytical methods

ECTPM was characterized by Energy Dispersive X-Bpgctroscopy (JED-2200,
JEOL Ltd, Japan) and scanning electron microsc@feld Emission Scanning
Electron Microscope, JSM-6330F, JEOL Ltd, Japamlitain its physical, chemical
and surface characteristics; Brunauer-Emmett-TéB&T) specific surface area and
BJH pore distribution were obtained by an analylsice (Coulter SA3100, US)
using the He-HN method. All the equilibrium phosphate concentratwas analyzed

with the ascorbic acid method (4500-P E) [71].
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4.3 Results and discussion
4.3.1 Characterization

Figure 4.2a is SEM image of TPM, 10000x; and Figl2b is SEM image of
surface modified TPM (ECTPM), 10000x. The imagegi@lsly show that micro floc
were present widely after surface modification tilgio the ESM process. The
reactions could be expressed as [114]:

Reactions at the cathode:

3H,0+3e” agHz(gas)+30H‘ (4.2)
Reactions at the anode and surface of TPM:

4Fe(solid) — 4Fe* (aqueous) +8e” (4.2)
At the presence of dissolved oxygen in solution:

4F€** (aqueous) +10H,0(liquid) + O,(gas) — 4Fe(OH), +8H *(aqueous) (4.3)
Overall reaction in system:

4Fe(solid) +10H,0(liquid) + O,(gas) — 4Fe(OH),(solid) + 4H,(gas) (4.4)

It could be concluded that the Fe-hydroxyl compdénaight bring about these
morphological changes to TPM surface during the Efdcess. It was proved
through Fe mapping. Figure 4.2c shows the Fe mgpgipristine TPM surface, and
Figure 4.2d shows the Fe mapping of ECTPM surfads,obvious that ESM could
largely enhance the Fe distribution on the surfafcadsorbent. This observation also
indicates ECTPM would develop a more positive effat adsorption sites than that
of TPM in phosphate adsorption [55]. Furthermohe porous texture and structure

were increasingly developed at the surface of ECTRAM TPM; suggesting it might
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be formed during the ESM process where part ofirive powder was oxided into
Fe’* resulting in a porous texture.

The EDX result is shown in Table 4.1. It was obgidhat TPM was mainly
composed of metal oxides such ag@¢Al,O3, SIO, and Ca0. F£3[55] and AbO3
[98] are reported as a good adsorbent for phospihyaseirface precipitation, and CaO
in TPM can be transformed into calcium hydroxidedhancing the inner-sphere
ligand exchange process. Meanwhile, the surfacepooent of ECTPM is much
different from TPM, where the mass of Fe obviousbreased. This observation is in
agreement with the Fe mapping of the adsorbenacaifFigure 4.2c, Figure 4.2d).

The results of specific surface area of TPM and EKT(Table 4.1) show that
BET surface area is 15.59my" for TPM and increased to 16.17 gi' for ECTPM,
indicating that ESM could slightly enhance the #pesurface area of TPM. The
specific surface area of ECTPM and TPM was simvilién the use of red mud, 14.09
m? g* [94] but lower than hydrotalcite, 44°rg™* [60]. In addition, the BJH pore size
distribution (Figure 4.2e) indicates that ECTPM ai®M is still a typical
mesoporous material according to IUPAC classifarafi73], and ESM could slightly
enhance the pore volume. Furthermore, the highesmatio of corn starch used as a
pore-enhancer was major means to increase thevphmme of TPM, but the structure
stability of TPM would decrease with the increaseniass ratio of corn starch. In this
study, the 0.5/6.5 mass ratio of pore-enhancer dessrable in the TPM synthesis

process.
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Table 4.1 The results of BET and EDX analysis fGTEM and TPM

BET surface area Total pore Volume
Sample - - -
Values (nf g*) Monolayer volume (mL¢g) Values (mL &)
TPM 15.59 4.13 0.0974
ECTPM 16.12 4.25 0.1057

Results of EDX analyasis

Content (%) FgD3 MgO Al;Os SIO, CaO

TPM 25.1 8.0 21.5 26.2 19.2
ECTPM 31.7 6.8 19.7 23.8 18.0
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4.3.2 Adsorption isotherms

The equilibrium uptake capacity of phosphate(mg g*), was calculated by the
Eq. (2.1). In order to examine the maximum phosphadsorption capacity of
ECTPM and TPM, Langmuir and Freundlich isotherm aisdvere applied to fit the
experimental data, which can be described as Ef) éhd Eq. (2.3), respectively

[115].
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Figure 4.3. The curve of the Langmuir and Freudiiaddels for phosphate adsorption
on TPM and ECTPM. Initial P concentration: 5 torB L. Temperature: 25 +°C.

Dosage: 4 g L.
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Table 4.2 The parameters and constants of Langandr Freundlich models for

phosphate adsorption on TPM and ECTPM.

Langmuir model Freundlich model
gmax(Mg g) b(Lmg’) R Ki(mgg) n R
TPM 3.61 0.535 0.901 1.62 4.187 0.973

ECTPM 5.36 0.271 0924 1.77 3.231 0.988
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The Langmuir model is often used to exhibit a maget distribution of solute
within the adsorbent and the Freundlich isotherndehaisually tends to describe a
complex heterogeneous adsorption process assuimatgdifferent functional sites
with several adsorption energies were heterogen@ails

The parameters and constants of Langmuir and Fliebhntodels for phosphate
adsorption on TPM and ECTPM are summarized in Tal#leFigure 4.3 is the curve
of Langmuir and Freundlich model for phosphate gotgmn on TPM and ECTPM.
Both of R obtained from the Langmuir and Freundlich modekrevover 0.90;
indicating a good mathematical match by both modete correlation coefficient of
the Freundlich model (0.973 of TPM and 0.988 of PG respectively) were higher
than those of the Langmuir model, indicating theg phosphate adsorption through
TPM or ECTPM seems to a multilayer adsorption pseceith several adsorption
energetic distributions of functional sites and hwihteraction between adsorbed
solute.

The estimated maximum adsorption capacity of TPEI BETPM were 3.61 and
5.36 mg ¢, respectively. It is obvious that ESM process uasda modification
method could enhance adsorption abilities of TPMbosphate removal. In addition,
Kt is an indicator of adsorption capacity and n iaths the effect of concentration on
the adsorption capacity and represents the adsorpitensity (dimensionless). A
higher value of n (n > 1) indicates favorable ag#gon. It was also found that the

TPM and ECTPM are superior to other natural clageral (mud) adsorbents based
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on their maximum phosphate adsorption capacitiegi(é 4.4a), implying that TPM

or ECTPM has the potential for phosphate remowahfivastewater in practice.
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4.3.3 Effect of contact time and kinetics

A kinetics study is important to evaluate the agson process and it can provide
further information on the process mechanisms.hla study, a pseudo first-order
model and pseudo second-order model were appliedxémine the kinetics of
phosphate adsorption onto TPM and ECTPM.

The pseudo first-order model is expressed as E4) [27] and can be simplified
as Eq.(2.5) after integration with the boundarydibons being set (& 0 and gwhen
t = 0 and t, respectively). The pseudo second-amtzdel is expressed as Eq. (2.6),
which can be simplified as Eq. (2.7).

The effect of contact time on phosphate adsorpg8oshown in Figure 4.5. It is
obvious that the phosphate removal process onto Tdd ECTPM reflect a
three-step natural process: a fast reaction stép 46 min; a low reaction step at 45 -
120 min and an equilibrium step after 120 min. Tds# step is similar to the report by
Fox et al [100] who undertook experiments usingrisediment, but much faster than
other materials like modified bentonites [99]. 9% of the removal process was
finished in the first step (during the first 45 miim this step, phosphate seemed to be
removed through surface adsorption [67], and meedlable vacant adsorption sites
supplied advantageous effects on this removal peof®0]. The slow step occurred
from the 45 min to 120 min. Only a small amounpbbsphate was removed in this
step mainly due to the decrease of vacant adsarpties on the surface of TPM. The
equilibrium was achieved at the 120 min, no furtt@moval efficiency reflected in

the equilibrium step (Step 3).
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The constants of the pseudo first-order model asdipo second-order model are
given in Table 4.3, and the pseudo second-orderehmdts of phosphate adsorption
are shown in Figure 4.5. Based on the correlataefficients obtained, it is clear that
the phosphate adsorption process onto TPM and ECdétNdl be well described by

pseudo second-order model under the experimentditoans.
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Table 4.3 The constants of kinetic models for phasp adsorption on TPM and

ECTPM.
Pseudo first-order model Pseudo second-order model
ge(Mmggh)  k(min?) R g(mg gY) ka(g (Mg min)™?) R
TPM 0.776 0.0123 0.865 0.499 0.538 0.999

ECTPM 0.125 0.0162 0.933 0.501 0.838 0.999
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4.3.4 Removal mechanism and the effect of pH
Phosphate dissociation equilibrium in aqueous swiuare pH-dependent, which

can be presented as [97]:

H,PO; +H,0=H,PO, +OH" (4.5)
HPO* +H,0 « H,PO; +OH" (4.6)
PO} +H,0 « HPOZ +OH" (4.7)
H,O=H"+OH" 0.8

These protonation reactions are summarized in Eigudb. Clearly, with pHs
ranging from 5 to 10, the majority species ar®®, and HPQ”. For a detailed
description, the PO, prevailed when pH ranged from 5 to 7 and the coimagon
of HPQ? is higher when pH ranged from 7 to 10; For pH fagdgrom 10 to 12,
HPO,* dominated than P& and PG> becomes significant when pH is higher than
12. Metals mainly exist as oxides and hydroxidesT®M, which could provide
adsorption sites for phosphate. It is well knowat thhosphate is usually considered
to be removed through an inner-sphere ligand exgdamechanism [81].

Considering that different phosphate species damimadifferent pH solutions,
the following reactions may be included in phosphaétmoval through TPM

adsorption [55]:

=MOH + PO} +H* ==MPOZ +H,0 (4.9)
=MOH + PO} +2H* ==MPO,H™ +H,0 (4.10)
= MOH + PO} +3H* ==MPO,H, +H,0 (4.11)
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In addition, phosphate-metal precipitation reactsmems to be an alternative
explanation. It can be presented as:

3M X +xPO = M,(PO,), (4.12)
where M is metal component, such as Al, Fe, CagtSi,

Eq. (4.1) to Eq. (4.4) clearly shows that ESM coalthance the quantities of
functional groups (-OH and &8, thus a higher phosphate adsorption capacity onto
ECTPM could occur than for TPM.

Figure 4.6 shows the results of phosphate remoyalTBM and ECTPM
adsorption under different initial solution pH. i obvious that the phosphate
adsorption capacity of ECTPM was higher than tHaTleM, indicating that more
-OH and F& due to the ESM process could enhance the adsorpépacity. In
addition, Figure 4.6 also shows that pH changespéagignificant effect on phosphate
removal through TPM and ECTPM adsorption. The dopuum phosphate removal
efficiency remained almost unchanged (slightly edrivithin 90.35 - 93.04% onto
ECTPM and 87.95 - 90.49% onto TPM, respectivelythiv solution pH range from
5.0 to 9.0. Figure. 4.6 and Eq. (4.6) shows thatdiiminant phosphate species should
be HPO, (monovalent dihydrogen phosphate) and HPQ@divalent hydrogen
phosphate) when pH varied within 5.0 to 9.0, intiigathat HPQ, and HPGQ* could
be well adsorbed by TPM and ECTPM (Eq. (4.10) ahd1)). The optimum pH
value for phosphate removal was around pH 6.0. fidsslt agrees with those of M.
Ozacar [83] and Yan et al [99] who used alunite &edAl modified bentonite as

phosphate absorbent, respectively. It is knownegktteme pH conditions are scarcely
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encountered in natural surface water bodies or emader treatment plants, thus
ECTPM and TPM could be used in practice without gudjustment and the ESM
process was also proved to be a novel feasiblasarhodification process.

The phosphate removal efficiency decreased witthéurincrease in solution pH
and sharply decreased when pH higher than 10.0pHAt12.0, the P removal
efficiency reduced to 71.10% and 66.28% onto ECT&M TPM, respectively,
possibly caused by the deprotonation of oxide/hyidieess under higher pH conditions
which could be expressed by following equation:

=M -OH =M -0 +H" (4.13)

This process may result in a negative change ése charge of ECTPM and
TPM hence the decrease of phosphate removal effigidn addition, the functional
group (-OH) may be destroyed in the deprotonaticocgss, leading to phosphate
release and decrease in phosphate adsorption kecduslectrostatic repulsion.
Furthermore, the competitive adsorption of Qbhs probably plays an important role
under high pH conditions.

On the other hand, phosphate removal efficiencybébell a decreasing trend with
the decrease in solution pH when the pH was lowan t3.0 (Figure 4.6), which
reduced to 51.33 % onto ECTPM and 47.89% onto TPpHa2.0, respectively. Eq.
(4.12) showed that the dominant phosphate speci#isei solution were PO, and
HsPO, when pH was lower than 3.5 (Figure 4.6). As memdwabove, HPO, could
be removed effectively by ECTPM and TPM,; it is ased that HPO, seems unable

to be adsorbed onto ECTPM and TPM surfaces consgléne decrease in removal
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efficiency. Further, under extremely low pH conalits, metal oxides/hydroxides
might become unstable and start to dissolve beaaifuisege amount of Hcoexisted
in the solution, resulting in the decrease of gokson sites for phosphate adsorption.

Figure 4.6 also shows the comparison of pH chargjevden initial pH and
equilibrium pH. It is well known that the procesiligand exchange could enhance
the pH value of the adsorbate-liquid system whicbaused by the release of Gird
the consumption of H[81]. Further, the release of Okhay also be attributed to a
metal oxidation hydrolyze, which can be describgdotiowing equation [82]:

M,O, + yH,0 — xM &+ 2yOH - (4.14)

In this study, it could be easily observed thatildziium pH was much higher
than initial pH after the phosphate adsorption pssconto ECTPM and TPM,
strongly proving that a ligand ion exchange process metal oxidations hydrolyze
might occur during the adsorption process. Thelteslso shows that more OH
(higher pH) exist in solution when ECTPM are ussdadsorbent than that of TPM,

implying the ESM process is an effective methogdsorbent surface modification.
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4.3.5 Thermodynamics and effect of temperature

To confirm the feasibility of this removal proceise thermodynamic parameters
of phosphate removal onto ECTPM and TPM should besidered. K is the
thermodynamic equilibrium constant of the remowvalcgss using ECTPM and TPM,
it was computed using the method of Lyubchik €tLab] by plottingIn(gs/Ce) versus
0e and extrapolating gto zero. The change in Gibbs free energieS)(was then
calculated with Eg. (15). EnthalpyA{H) and entropy 4 S) were calculated from the
slope and intercept of the plotloKt versusl/T using Eq. (16). R is the universal gas

constant (8.314 J mdlK™), T is the temperature (K) of experiment [103].

AG =-RT InK, (8)1
AS AH

InK, ===2-="1 6

" R RT 18

The values of AH, AG and AS are summarized in Table 4. The negative values
of A G indicated that the phosphate removal process by Td&ldorption was
favorable and spontaneous under natural temperaturditions [99]. The values of
AG decreased from -2.81 kJ rifolo -3.08 kJ mot onto TPM and from -3.21 to
-3.72 kJ mof onto ECTPM with the temperature increased from. 29& to 308.15
K, respectively, indicating more efficient adsooptiat higher temperature. Th&G
values of ECTPM are more negative than that of TiRMlying that the reaction
occurs easier onto ECTPM than TPM. The positiveiemlof AS revealed that the
increasing randomness at the adsorbent-aqueougaggeduring the phosphate
removal onto TPM [50]. Furthermore, the positivéues of enthalpy £ H) strongly

prove the endothermic nature of this removal precagich was high enough to
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ensure strong interaction between adsorbents asorlzates. The reaction enthalpy
onto ECTPM is much higher than that of TPM, indicgtthat ECTPM have more
chance to interact with adsorbates than TPM. Tleease of phosphate removal
capacity of ECTPM and TPM under higher temperatuegy be resulted from the
activation or enlargement of pore size of TPM stafd99]. This observation is
similar with the reports when using modified berities and aleppo pine as adsorbent,
respectively [99, 104]. Further, the results ofrthedynamics also indicate that ESM

process is a feasible technique for adsorbentsirfeodification.
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Table 4.4 The parameters of thermodynamic for phaigpadsorption on TPM and

ECTPM.
-1
AG (kJ mol’) AS (I motKY  AH (kJ molY
Temp.(K) 298.15 303.15 308.15
TPM 281 289 308 2641 5.08

ECTPM -3.21 -3.46 -3.72 51.64 12.19
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4.3.6 Selectivity

In natural surface water, the anion component vgags complicated. Nitrate
(NO3) widely exists in surface water. The adsorptidimay of phosphate and NO
has been investigated using simulated wastewatethét the effect of ionic strength
should be considered. The adsorption affinity itemfrepresented in term of the

distribution coefficient, I (mL g), which can be calculated as [117]:

- (CO _Ce) Xl

K
d C M

(4.17)

e

where G and G are the initial and equilibrium concentration dfogphate in the
solution. V is the volume of solution (mL), and Blthe mass of adsorbent in grams.
The distribution coefficient expresses the chemimading affinity of phosphate ion
to the adsorbent. A higheryKvalue indicates a stronger binding affinity. The K
values of phosphate in the presence o N shown in Figure 4.7.

Figure 4.7 shows thatdd&alues slightly decreased in the presence of @n in
its absence in solution, andyKvas further decreased with the increase of; NO
concentration. This observation indicates that phate adsorption onto ECTPM and
TPM would be affected in the present of N@specially in a low initial phosphate
concentrations. Generally speaking, more than ederf magnitude change ofyK
values imply a strong affect due to the presenampfpeting ions, the Kchanging in
the same order of magnitude always indicates &tstigno affect when competition
ions exist. In this study, Kchanged within one order of magnitude indicating
phosphate adsorption onto ECTPM and TPM would retaffected when large

amounts of N@ coexist in solution, it was further approved thequilibrium
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concentration of N@ was almost same with that of initial (data not shpwand
implies that ECTPM (TPM) have good adsorption delgg on phosphate. Similar
observation was obtained with the reports whengugioethite [106] and modified

palygorskite [53] as adsorbent, respectively.
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magnitude indicates a excellent P selectivity tgilotiPM and ECTPM.)
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4.4 Conclusions

In this study, the TPM developed from Kanuma muatncstarch, iron powder,
white cement and CaO was modified through an EStess (ECTPM), and then
utilized for phosphate removal. The TPM and ECTBRMilgted excellent phosphate
adsorption ability. The Freundlich isotherm modet gpseudo-second-order model
matched the removal process well. The estimatedmamr adsorption capacity was
3.61 mg ¢ onto TPM and 5.36 mg'gonto ECTPM, respectively, better than many
other clay mineral adsorbents. The removal progesshed its equilibrium in
approximately 2 h, and 96.38 % of the removal pgeosas achieved in the first 30
min. Furthermore, phosphate removal efficiency deped mainly on pH and
temperature variations. The desirable pH rangepfasphate adsorption onto TPM
was 5.0 - 9.0 and a relatively higher temperatan@cc have advantageous effect on
removal efficiency. According to the thermodynamesults, the phosphate removal
onto TPM was a spontaneous and endothermic protesaddition, ECTPM and
TPM have good adsorption selectivity on phosph&@TPM and TPM could be
utilized for phosphate removal from aqueous sotuéind the ESM process could also

be applied for adsorbent surface modification.
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Chapter 5 Conclusions and suggestions

In the present study, a novel tablet porous maté€fiaM) was developed from
Kanuma mud (K- mud), corn starch, iron powder, wliement and calcium oxide.
Followed, an electrochemical surface modificati&s§) method was developed for
surface modification on TPM. According to this rasH, the following conclusions

can be obtained:

5.1 Phosphate removal using Kanuma mud

(1) Kanuma mud exhibited certain phosphate adsor@bility;

(2) The adsorption process consisted of a fastamstbw process, the former
finished in 110 min;

(3) The Freundlich isotherm model and pseudo-secoddr model can well
describe the sorption process. The adsorption ameas the best at pH of 6
and comparatively low temperature can enhancedbergtion efficiency;

(4) Phosphate on the absorbent could be hardlyroedp

(5) The absorbed absorbent can be used as soilsztitin.

5.2Phosphate removal using developed TPM
(1) The TPM exhibited excellent phosphate adsomptbility; the estimated
maximum adsorption capacity was 4.39 iy g
(2) The Freundlich isotherm model and pseudo-secoddr model matched the

removal process well;
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(3) The removal process reached its equilibrium in eppnately 2 h, and
89.08% of removal process was achieved in the begir30 min;

(4) The desirable pH range for phosphate adsorptiom ®RM was pH 5.0 - 9.0;

(5) Relatively higher temperature could have advantag&dfect on the removal
efficiency;

(6) Phosphate removal onto TPM was a spontaneous alodhemmic process;

(7) Phosphate adsorbed could be recycled using HGlaste

5.3 Phosphate removal using ESM modified TPM

(1) The ECTPM exhibited excellent phosphate adsmrpability; the estimated
maximum adsorption capacity was 5.36 migamto ECTPM higher than that
of TPM;

(2) The Freundlich isotherm model and pseudo-secoddr model matched the
removal process well;

(3) The removal process reached its equilibrium in axipnately 2 h;

(4) The desirable pH range for phosphate adsorptiom ®RM was 5.0 - 9.0;

(5) Relatively higher temperature could have advantageeffect on removal
efficiency. Phosphate removal onto TPM was a spamatas and endothermic
process;

(6) The ESM process could also be applied for adsoraefdce modification.
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5.4 Future research suggestion
In this research, the following study should foous
(1) Novel modification method development;
(2) Content adjusting and optimum for TPM production;
(3) Method evaluation for P-recycling (crystallization)
(4) Development of crystallization seeds for P-recygslin

(5) TPM application in surface water bodies and pertoroe evaluation.
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