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ABSTRACT OF THE DISSERTATION

Sustainable Brackish Desalination Management: Oxidative Removal of Antiscalants and
Scale-Forming Constituents From Desalination Concentrate

by

Tushar Jain

Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering
University of California, Riverside, September 2019
Dr. Haizhou Liu, Chairperson

Brackish water desalination has become increasingly important in arid inland
regions for sustainable water supplies, but the management of desalination brine waste is
costly. In particular, the presence of oversaturated calcium as scale-forming compounds in
the brine is the most important factor limiting the recovery of water. Removal of these
antiscalants from the brine can induce the precipitation of oversaturated scale-forming
substances, enable additional water recovery from RO concentrate, and reduce the risk of
eutrophication after brine disposal.

In this dissertation, we aimed to investigate the the impact of photochemical
degradation of three widely used antiscalants, i.e., nitrilotri-methylenephosphonic acid
(NTMP), ethylenediaminetetra-methylenephosphonic  acid (EDTMP) and
diethylenetriaminepentakis-methylphosphonic acid (DTPMP) with hydrogen peroxide and
persulfate as the photo-oxidants on inducing the precipitation of scale-forming
constituents. Firstly, the three antiscalants have the active phosphonate functional groups,
they affect the precipitation kinetics of calcium solids differently. Antiscalants are only
effective intemporarily stabilizing the oversaturated desalination brine and delay the scale-
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forming substances (in this case, calcium solids) from precipitation. Results from this study
established a quantitative relationship between the nucleation rate of three most commonly
observed calcium-scaling solids and three most widely used antiscalants. Results showed
that the antiscalants could be effectively degraded at the optimized conditions. DTPMP
degrades much slower compared to NTMP and EDTMP with all the oxidants in this study.
DTPMP also has much higher inhibition capacity in delaying the precipitation of gypsum.
Among the oxidants tested, persulfate shows the highest degradation rate of all the
antiscalants tested. It was also observed that induction time depends on the extent of UV
exposure. A synergistic effect of nucleation and antiscalant degradation was observed for
the demineralization of gypsum in presence of UV oxidant. Furthermore, a systematic
approach that included radical steady state distribution measurement for different radicals
such as hydroxyl radical (HO"), sulfate radical (SO4 "), reactive chlorine species using
various organic probe compounds at different water quality parameters such as pH,
chloride and presence of NOM was tested. pH did not have any significant effect on the
antiscalant degradation. However, the presence of NOM and chloride significantly affected
the antiscalant degradation rate due to scavenging and shielding effects respectively. This
study shows an effective way to increase the water recovery in desalination concentrate
with the help of a UV/oxidant-assisted removal of TDS and thereby employing a secondary

reverse 0Smosis.
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Figure 4. 4 Effect of chloride on DTPMP degradation. Experimental condition: [oxidant]o
= 2.0 mM; pH = 7.8; [DTPMP]o = 3 mg P/L; [Ca?'] = 37 mM; [SO4*] = 564 mM; pH =
7.8; mediumpressure UV 1amp ... 70
Figure 4. 5 Impact of dissolved organic matter (DOM) on photochemical demineralization
of calcium sulfate. Experimental condition: [oxidant]o = 2.0 mM; pH = 7.8; [DTPMP]o =
3 mg P/L; [Ca?*] = 37 mM; [SO4*] = 564 mM; pH = 7.8; medium pressure UV lamp 71
Figure 4. 6 DTPMP degradation at different UV irradiation time with H,O, and 3mg P/L

DTPMP; values in the legend indicates the UV irradiationtime; pH = 7.8; ionic strength =
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Chapter 1

Introduction



1.1 Depleting freshwater reserves

Clean and accessible water is a scarce and stressed resource because only 1% of all
the water on earth is available for human use and consumption purpose.2 There are
presently around 2 billion people live in areas of water scarcity and 844 million people lack
access to safe water.® The scarcity of water not just affects social and economic sectors but
also threatens the health of ecosystems. The situation is further worsening due to e xpansion
in agricultural sector, increased differences between water supply and demand, improper
management and degradation of natural water resources. Furthermore, the increasing

domesticand international conflicts are aggravating the water crisis.*®

Future forecasts demonstrate that 3.6 billion people will live in regions with water
stress or shortage in 2035 due to increase in population causing more water scarcity.s \Water
supply in particularly parched and semi-parched regions (High Plains” and Central
Valley?), are insufficient to meet demand and a major portion of the United States,
especially the western region is severely affected with drought.® The demand of water in
future in expected to increase the stress on groundwater resources. If the per capita usage
of water and power generation remains the same in the United States, then by 2050 the
demand for water could rise by 12.3 percent.1°; Moreover, this enhanced water demand
combined with anticipated environmental change could create moderate to outrageous
hazard to water-supply sustainability for the greater part of the United States.:* Climate
models foresee that the increasing global water shortage will increase as atmospheric
changes become more extreme. Due to these changes, the behavior of water changes and

its precipitation pattern becomes irregular, evaporation and transpiration rates are also
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affected with increased air temperature thus making the water scarcer and less safe.?2 The
regions with maximum risk would be in the southwestern and central parts of the United
States, Texas, parts of the Mississippi River Valley, and Florida. Without the impacts of
environmental change, less zones in the United States would be at outrageous hazard,
however moderate-to high-chance territories could reach out over the Southwest, the
Northwest, portions of the Mississippi River Valley, and Florida (Figure 1.1).12 Along these
lines, a stronger water supply is required inside the water area to help alleviate

environmental change.

Water Supply Sustainability Risk Index (2050)

Climate Change Effects A
Il Extreme (412) "%"
I High (608)

Moderate (1192) ] Kilometers
Low (929) 0 250 500 1,000

Figure 1. 1 Water-supply sustainability risk index for United States in 2050 linking water
demand to population growth, increases in power generation, and climate change.*3



Even though past examples of population, water usage and power generation do not
indicate future demand, it will continue to grow. The combination of these factors has
prompted worries about the accessibility of freshwater to meet residential, farming,
industrial, mining, and natural needs. Efforts are taken to develop and further advance
alternative water production technologies to address this challenge of water shortage.X4 As
freshwater scarcity becomes more severe, alternative water sources - in particular, brackish

groundwater - have become increasingly important for arid inland regions. %16

1.2 Alternative water resource

For more than a century, infrastructure-intensive, centralized water supply systems
have controlled the supply of water in cities. Satisfying the consistently expanding need
for healthy freshwater through traditional concentrated frameworks for both consumable
and non-consumable applications has just turned into an unrealistic desire. This is because
there is competing demands on limited financial resources and limited flexibility of
existing water infrastructure for adaptation and expansion. People have modified natural
water systems often with the purpose of securing enough supply of water to meet the needs
and necessities. However, in numerous regions, the arrangement of conventional water
supply is not widespread, and when it exists, is frequently untrustworthy as far as quality
and congruity of supply.l” Hence, to balance the demand for freshwater, it has become

increasingly important to develop sustainable alternative water sources.

Brackish water is increasingly observed as a resource for water supply#1920 due to

the energy requirements of reverse osmosis is minimized222, and hence the expense of



desalination is diminishing. However, brackish groundwater is groundwater that has a
dissolved mineral with concentrations higher than freshwater, and sometimes the term
“brackish groundwater” is used interchangeably with “saline groundwater”. However,
multiple classification mechanisms have been used to quantitatively describe waters which
have different dissolved-solids concentrations. Majority of the classification schemes
consider saline groundwater to have a dissolved solids concentration between 1000 and
10000 milligrams per liter (mg/L)?32° Brackish groundwater is usually formed because of
geological salt deposition or long-term agricultural activities.?6-?® Brackish groundwater
desalination specifically has increased most extreme significance in parched inland
districts.?®3% Reverse Osmosis (RO) desalination is as of now the most dependable and
generally utilized system for seawater and saline water desalination.313233 The use of RO
for desalination has altogether expanded since the 1950s.34 On the basis of the nature of the
feed water, RO procedures can be grouped into brackish water RO plants where the salinity
is in the scope of 500 mg/L to 10,000 mg/L and seawater RO plants where the salinity is
around 30,000 mg/L. Brackish water reverse osmosis is further sub-sorted into low salinity
brackish water RO that procedure feed water with saltiness somewhere in the range of 500
and 2500 mg/L and high salinity salty water RO plants that process water with salinity
somewhere in the range of 2500 and 10,000 mg/L. Table 1.1 contains a summarized brine
characteristics data of desalination plants. Globally, around half of the desalinated water

accessible is created by utilizing RO.*3



Table 1. 1 Composition of water sample of brine from different desalination plants.3s

Component Concentration Units
Sodium (Na®) 431-5250 mg/L
Calcium (Ca®") 417-962 mg/L
Magnesium (Mg?") 280-448 mg/L
Potassium (K*) 43-145 mg/L

pH 7.1-8.1
Bicarbonate (HCO3) 37-464 mg/L
Chloride (CI) 1964-8118 mg/L
Sulfate (S04%) 1143-3881 mg/L
Nitrate (NO3) 51-56 mg/L
TDS 8990-15960 mg/L

In recent years, membrane-based brackish water desalination has been increasingly
implemented to supply drinking water in inland areas worldwide, including Australia, the

Middle East and the United States.®¢-° For example, all the operational as well as planned



brackish groundwater desalination plants in California have a combined annual capacity of

260 million gallons per day as of 2013.4

1.3 Increasing use of groundwater and reverse oSmosis

In many of the moderate to high risk locations in the states, surface water is almost
fully utilized which makes the groundwater the only source of water which can meet the
requirements. However, utilizing the groundwater has its own problems. In many areasin
states, the amount of groundwater getting used is more than the amount of it getting
recharged.s2 To add to the problem, as per the recent study done on the usage of
groundwater and its projected implications on the climate changes by 21% century, there
will be a total reduction of 10 to 20 percent in the recharge across the south western part
of the United States.#® To ensure the national water security, untapped water sources may
need to be developed in some areas. A non-traditional water source — Brackish groundwater
may act as one of the solutionsto the currentand the future water scarcity problem. Water
supply in the semi-arid and arid area of the united states is inadequate and not able to meet
the demands causing severe drought conditions. Because of this and predicted increase in
the water utilization further mounts more tension on the groundwater resources.

A recent survey showcased that above 80 percent of the municipal desalination plants
are inland groundwater facilities —mainly based in Florida, California, and Texas (Figure
1.2) — and most of this municipal desalination has been for treating the groundwater in

brackish salinity range.+ Brackish groundwater is surpassing as a supplement or
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Figure 1. 2 Locations and sources of desalination water at municipal desalination facilities
in the United States in 2010.44

substitution for freshwater. Implementing inland desalination in large proportion would
mandate operation at high product water recovery in order to reduce the ecological and
technical problems. It will also minimize disposal costs and water source loss, associ ated
with the generated reverse osmosis concentrate.*s#6 Data from the USGS Water-Use
Program indicate that an estimated 3,290 million gal/d of saline groundwater (dissolved-
solids concentration of greater than or equal to [>] 1,000 mg/L) was used in the United
Statesin 2010, which is about 4 percent of the total groundwater use.*” Most of the use was

reported in Alaska, California, Florida, Oklahoma, Texas, Utah, and Wyoming.



1.4 Use of antiscalantsin membrane processes

The problem of mineral salt scaling remains a serious impedimentto achieving high
recovery in brackish water desalination. Mineral salt scaling can occur when scale
precursor ions (e.g., Ca?*, Ba?*, SO4*~, CO32", PO,*, etc.) in the membrane retentate stream
are concentrated above the solubility limits of various sparingly water soluble mineral
antiscalants such as calcium sulfate dihydrate (CaSO.i gypsum), calcium carbonate
(CaCOs) e.g., vaterite, calcite), calcium phosphate Cas(PO4)3sOHs) (hydroxylapatite) and
barium sulfate (BaSOs barite) at the membrane surface.*®4° Mineral salt scaling leads to
permeate flux decline and eventually the shortening of membrane useful life. To control
membrane scaling, scale-inhibiting chemicals known as antiscalants are typically added
into the feed water.>%-52 The use of these antiscalants can suppress mineral salt precipitation
to some extent, thereby partially alleviating mineral scaling. However, even with the use
of antiscalants, which can significantly increase the cost of reverse osmosis desalting,
mineral salt scaling remains an impediment to achieving high product water recovery,
partially due to the increased potential of fouling (including biofouling) when excessive
dose of antiscalantsis applied.=

These chemicals can interfere with the nucleation process of calcium solids and
retards the crystal growth.>* The continuous application of antiscalants in the feed water
results in an oversaturated level of dissolved calcium that co-exists with antiscalants in the
brackish desalination concentrate (also known as brine).5®° Meanwhile, the inhibiting
effects of antiscalants on the precipitation of calcium solids is time sensitive. For example,

in Inland Empire of Southern California, a 70-mile brine pipeline system carries inland



brackish water desalination concentrate to a coastal disposal facility.>” The presence of
antiscalants prevents calcium precipitation at the entry point to the brine line, but as the
brine wastewater travels along the pipeline, a substantial amount of additional solids are
subsequently generated, and creates problematic scaling issues in the pipeline.®8° Other
studies similarly reported the delayed precipitation of solids in membrane concentrate.®%-52
This inadvertent solid formation and associated challenge in scale formation during brine
disposal make it urgent to understand time-sensitive effects of antiscalants on solid

formation in desalination brine.

Furthermore, conventional brine disposal approaches including evaporation pond
are costly.®® To reduce the cost, a reduction of TDS level in the brine is required.5#6°
Considering that a considerable contribution to TDS is the oversaturated calcium
associated with the presence of antiscalants, a tunable control on antiscalants can
potentially accelerate the precipitation of calcium solids and reduce TDS level. Therefore,
itis critical to understand the nature and effects of antiscalants on the chemical stability of
calcium solids in the brine, which can lead to the development of a sustainable concentrate
management for inland desalination. Industrial antiscalants typically comprise of
polycarboxylates, polyacrylates, polyphosphonates and polyphosphates. Prior desalination
configurations used sodium hexametaphosphate (SHMP) as an antiscalant, but it is no
longer used because SHMP was shown to be a food source for bacteria and resulted in
biofouling.5¢ Most antiscalants are organic phosphorus chemicals known as phosphonic
acids. They contain multiple phosphonate functional groups (-POsH) within a tertiary
amine structure.5”.%8 The phosphorus-carbon bond in antiscalants exhibits a good thermal
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stability,%° and promotes their applications in desalination plants as well as cooling

towers.’%71
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Figure 1. 4 Molecular structures of the three most widely used phosphonic antiscalants
that are examined in this study.

NTMP: nitrilotris(methylenephosphonic acid);
EDTMP: ethylenediaminetetra(methylenephosphonic acid);
DTPMP: diethylenetriaminepenta(methylenephosphonicacid)
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The typical concentration of phosphonic acids in desalination concentrate is in the
sub- to several mg/L range.’? In particular, nitrilotri-methylenephosphonic acid (NTMP),
ethylenediaminetetra-methylenephosphonic acid (EDTMP) and
diethylenetriaminepentakis-methylphosphonic acid (DTPMP) are among the most widely
used antiscalants in water industry.”3-7® Their molecular structures are shown in Figure 1.3.
Phosphonic antiscalants can form complexes with calcium and undergo multiple steps of

deprotonation.’’-"®

These polyphosphonates are very strong complexing agents towards alkaline earth,
transition, and heavy metal ions. The formation constants of the water soluble (1:1)
complexes are similar to those of the commonly applied aminopolycarboxylates, such as
popular ethylenedinitrilotetraacetic acid.8® They are also able to form multinuclear
complexes of varying stoichiometry, which make them even more efficient. The second,
even more important property, is their ability to prevent the precipitation of hardly soluble
salts of alkaline earth metals under substoichiometric conditions by interfering with early
stages of the crystallization processes. It should be emphasized that in some cases only one
molecule of a polyphosphonate is required to retain 5000-10,000 calcium ions in a
solution. This is accompanied with a modification in the shape of the alkaline earth salt
crystalsand a change in their morphology that leads to amorphous solids that can be easily
removed. Due to their high charge density, they are recognized as polyelectrolytes offering

additionally superior dispersing functionalities for inorganic materials.%:82
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1.5 Existing treatment technologies and challenges

High recovery operation helps in reduction of concentrate production and source
water pumping. Effective pretreatment is a very common approach which is implemented
in order to upscale the recovery of the reverse osmosis desalination. The easiest method
here can be the recirculation of the concentrate back to an activated sludge process.8s
However, because of the high salt content of the membrane concentrates and low
biodegradability, thisis viable only for a short time period or, the recirculation could cause
trouble in many plants for long term operation. Thus, it is a necessity to bring an
intermediate step for concentrates. Various technologies could be applied in further
treatment of the membrane concentrates like shear enhanced membrane filtration
(nanofiltration or reverse osmosis), coagulation, advanced oxidation, activated carbon

adsorption, electrodialysis and capacitive deionization.s+8s:86:8788

Most regular ways of disposing RO concentrate are surface water discharge, deep
well injection, evaporation ponds and land application.?® The mode of disposal of the
concentrate depends on the site and the viability of the option mainly depends on the
concentrate quantity and quality. Choosing the mode of option to be employed for disposal
depends on the cost involved.®0919293 \/arious available options to surface waters include
discharge to rivers, bays, tidal lakes, brackish canals, or oceans. % Many plants have been
avoiding surface water discharge due to lengthy and costly permit reviews forcing them to
go for other options.®s The cost involved for well injection or sea discharge is estimated to
be 0.05-0.06 US$/m? of product water and for the evaporation ponds is 0.56 US$/m?.

However, this is the only method which allows for recovery of the resource.® The other
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possible option is blending of high ionic strength residuals with other wastewaters or
Dilution. Also, concentrate mixed with industrial or municipal wastewaters can be treated
further. An intermediate step can be employed to make sure that the feed stream is
compatible with the RO membrane, so as to negate or minimize the potential of scale
formation and of biofouling on the membrane and on flow channels and to reduce cleaning

frequency requirements.

With the help of lime softeners, pellet softeners or fluidized bed crystallizers
chemical softening of the primary RO concentrate can be achieved. A study used lime
slurry (calcium hydroxide) for primary RO concentrate treatment.®” While the other used
flocculants that increased floc formation and assisted the removal of hardness ions.® The
RO recovery has been enhanced marginally by using accelerated seeded precipitation and
chemically enhanced seeded precipitation.oe100101 A research studied the three materials
(Cas(P0O4)30H(), CaCOz and CaSO.) as seed crystals for reduction of calcium
concentration in the RO concentrate during wastewater treatment. 102 Amongst these three
materials, (Cas(PO4)30H), known as phosphate ion helped in reducing the calcium
concentration by above 90%. While CaCO3 and CaSO; as seed crystals did not prove to be
very much effective. A substitute to lime addition is sodium hydroxide to increase the pH
value. Selecting the chemical addition depends on the composition of the concentrate that
requires treatment and the cost of the chemical involved.20 The most challenging part of
using these chemical softening processes is handling the sludge and efforts to be put in

accurately maintaining the pH of the contactor.

14



Another way to remove divalent ions and metals from the RO concentrate is
Electrocoagulation. Inthis method, an electrolytic reactor with electrodes (aluminum, iron,
or stainless steel) and a separation tank in which RO concentrate is flown through a reactor
and coagulation/flocculation occurs with the metal dissolved from the electrodes. 104105 The
benefit of implementing electrocoagulation for RO concentrate treatmentis that it produces
lesser waste sludge as compared with the regular chemical softening and high removal rates
of scale-forming ions and metals. Hydrogen gas bubble forms at the cathode end along
with the metal anode dissolution, this captures the flocs and causes flotation of the
suspended solids, removing contaminants. However this process comes with a
disadvantage of including high maintenance and operation costs due to timely electrode
replacement and high energy usage and finite full-scale plant experience.%¢ Recently,
researchers have been focusing on membrane bioreactors to boost the process performance
and to regain wastewater after removing some additional salt, i.e. reverse osmosis

membrane.107:108

Several techniques have been proposed for separation of antiscalants. Different
studies have reported that iron coated waste filtration sand and intermediate concentrate
demineralization can eliminate antiscalant from the RO concentrate.1024¢ However, this
method requires chemicals addition, generates sludge, low permeate quality, high
operating costs, and the antiscalant in the RO concentrate is still not completely separated.
Advanced oxidation is a promising treatment mode for the RO concentrate because of its
great efficiency.1?* The amount of the antiscalants and organic pollutants in the RO
concentrate can be reduced after the advanced oxidation together with the increase in the
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following membrane performance.:11112113 Eyen though researches on the treatment of
reverse osmosis concentrate with some oxidants have been performed,19%114 there is a rift
in the literature on the impact of degradation of antiscalants using advanced oxidation
process on the precipitation kinetics of different scaling minerals as well as the induction
time of nucleation. Further study is required to understand the growth in the recovery of

secondary reverse 0smosis process owing to a reduction in the concentrate volume.

Hence, the first step for RO is implemented until the concentrations of scale forming
ions reach threshold membrane scaling. Before ingesting the concentrate to the secondary
membrane process, the scale forming ions should be segregated from the water with an

optimized way.

Ultraviolet-based advanced oxidation processes (UV/AOPSs) have been increasingly
required as part of the treatment train process to remove these contaminants. During UV
treatment, an oxidant is photolyzed to generate short-lived radicals. Hydrogen peroxide

(H20.) is the most widely used oxidant to generate reactive hydroxyl radicals (HO"):

h
H,0, - 2HO"* (3.5)

Recently, UV/persulfate (S20s>") has been proposed and sulfate radicals

(SO4°—) are generated as the radical initiation step:

S203~ hy 250;" (3.6)
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SO4"~ has a similar oxidizing power compared to HO" but possesses higher reaction

rate constants with electron-rich contaminants.5

1.6 Motivation,aim and scope

The motivation of this doctoral research originates from the increasing challenges
associated with the limited recovery of the reverse osmosis processes for desalination of
saline water, particularly for brackish groundwater in inland areas. For the aforementioned
reasons, scaling minerals decreases the recovery to an extent which leadsto a huge amount
of water wasted in the form of concentrate stream. Furthermore, conventional brine
disposal techniques are costly and can negatively affect the ecosystems. To reduce the cost,
a reduction of TDS level in the brine is required.''®!'” Considering that a considerable
contribution to TDS is the oversaturated calcium associated with the presence of
antiscalants, atunable control on antiscalants can potentially accelerate the precipitation of
calcium solids and reduce TDS level. Therefore, it is critical to understand the nature and
effects of antiscalants on the chemical stability of calcium solids in the brine, which can

lead to the development of a sustainable concentrate management for inland desalination.

The overarching goal of this research is to design a novel ultraviolet-based
treatment process for the removal of scale-forming constituents and fundamentally

understand the interaction of antiscalants with these scaling minerals.

Given the existing knowledge gap on the impact of degradation of antiscalants using
advanced oxidation process on the precipitation kinetics of different scaling minerals as

well as the onset of precipitation, We aim to utilize the advanced oxidation process and
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fundamental nucleation principles and theories to investigate the precipitation chemistry of
three commonly occurring scaling minerals calcium sulfate (CaSOa)), calcium carbonate
(CaCO0s(s) and (Cas(PO4)30Hs) in presence of three widely used antiscalants (i.e., NTMP,
EDTMP and DTPMP in brackish water concentrate. The acquired knowledge will help
provide crucial information on the relationship among the rate of precipitation, the
antiscalant dosage and the critical saturation index, which can help to determine the
targeted amount of antiscalant that needs to be removed to achieve a high rate of

demineralization.
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Chapter 2

Impacts of Antiscalants on the
Formation of Calcium  Solids:
Implication on Scaling Potential of
Brackish Desalination Concentrate
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Researchand Technology

Jain, T.; Sanchez, E.; Owens-Bennett, E.; Trussell, R.; Walker, S.
and Liu, H., Impacts of antiscalants on the formation of calcium
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2.1 Abstract

Brackish water desalination has become increasingly important in arid inland
regions for reliable water supplies, but the management of desalination brine waste is
costly. In particular, the presence of oversaturated calcium as scale-forming compounds in
the brine is challenging to dispose. This study investigated the effects of three widely used
antiscalants, i.e., nitrilotri-methylenephosphonic acid (NTMP), ethylenediaminetetra-
methylenephosphonic acid (EDTMP) and diethylenetriaminepentakis-methylphosphonic
acid (DTPMP) on the removal of calcium from solutions under chemical conditions
relevant to brackish desalination brine, with an emphasis on the nucleation and
precipitation of three calcium-containing solids including hydroxyapatite Cas(PO4)3OHs),
gypsum CaSOas and vaterite CaCOszs). Results showed that all three antiscalants exhibited
uniquely time-dependent effects on the inhibition of calcium solid formation. The
precipitation kinetics showed a three-phased behavior with an induction phase followed by
a rapid reaction phase and a final equilibrium phase. The effectiveness of antiscalantin
delaying calcium precipitation and in slowing down the rate of precipitation followed the
order of DTPMP > EDTMP > NTMP. Antiscalants adsorb on the nuclei of calcium solids
and inhibit the crystal growth process. Activation energy of nucleation increased linearly
with antiscalant dosage, but it decreased as the regime changed from homogeneous to
heterogeneous nucleation. This study generated vital information of the precipitation
kinetics of calcium solids in the presence of phosphonate-containing antiscalants and

advances the development of desalination brine management strategies.
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2.2 Introduction

As freshwater scarcity becomes more severe with increasing population and climate
change impact, alternative water sources - in particular, brackish groundwater - have
become increasingly important for arid inland regions.1:8119 Brackish groundwater is
usually formed as a result of geological salt deposition or long-term agricultural
activities.120122 |t typically contains total dissolved solid (TDS) levels between 1 and 10
g/L.123125 In recent years, membrane-based brackish water desalination has been
increasingly implemented to supply drinking water in inland areas worldwide, including
Australia, the Middle East and the United States.126230 For example, all the operational as
well as planned brackish groundwater desalination plants in California have a combined

annual capacity of 260 mgd as of 2013.131

A major challenge to desalination is membrane scaling, a phenomenon attributed
to the inevitable precipitation of calcium-containing minerals including calcium sulfate
CaSOqs), calcium carbonate CaCOss) and calcium phosphate Cas(POs4)sOHs) at the
membrane surface.132133 To control membrane scaling, scale-inhibiting chemicals known
as antiscalants are typically added into the feed water.134136 These chemicals can interfere
with the nucleation process of calcium solids and retards the crystal growth.37 The
continuous application of antiscalants in the feed water results in an oversaturated level of
dissolved calcium that co-exists with antiscalants in the brackish desalination concentrate
(also known as brine).128139 Meanwhile, the inhibiting effects of antiscalants on the
precipitation of calcium solids is time sensitive. For example, in Inland Empire of Southern

California, a 70-mile brine pipeline system carries inland brackish water desalination
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concentrate to a coastal disposal facility.4 The presence of antiscalants prevents calcium
precipitation at the entry point to the brine line, but as the brine wastewater travels along
the pipeline, a substantial amount of additional solids are subsequently generated, and
creates problematic scaling issues in the pipeline.14:142 Other studies similarly reported the
delayed precipitation of solids in membrane concentrate.243245 This inadvertent solid
formation and associated challenge in scale formation during brine disposal make it urgent

to understand time-sensitive effects of antiscalants on solid formation in desalination brine.

Furthermore, conventional brine disposal approaches including evaporation pond
are costly.146 To reduce the cost, a reduction of TDS level in the brine is required.147:148
Considering that a considerable contribution to TDS is the oversaturated calcium
associated with the presence of antiscalants, a tunable control on antiscalants can
potentially accelerate the precipitation of calcium solids and reduce TDS level. Therefore,
itis critical to understand the nature and effects of antiscalants on the chemical stability of
calcium solids in the brine, which can lead to the development of a sustainable concentrate

management for inland desalination.

Most antiscalants are organic phosphorus chemicals known as phosphonic acids.
They contain multiple phosphonate functional groups (-POsH) within a tertiary amine
structure.1#9150 The phosphorus-carbon bond in antiscalants exhibits a good thermal
stability,’s! and promotes their applications in desalination plants as well as cooling
towers.152:153 The typical concentration of phosphonic acids in desalination concentrate is in

the sub- to several mg/L range.’® In particular, nitrilotri-methylenephosphonic acid
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(NTMP), ethylenediaminetetra-methylenephosphonic  acid (EDTMP) and
diethylenetriaminepentakis-methylphosphonic acid (DTPMP) are among the most widely
used antiscalants in water industry.1%52%8 Their molecular structures are shown in Figure
1.3. Phosphonic antiscalants can form complexes with calcium and undergo multiple steps

of deprotonation.159-161

Prior studies examined the impact of different antiscalants on the precipitation of
calcite, gypsum, silica, etc.2%162164 Multiple studies have tried to quantify the dose response
of antiscalants with respect to the extent of supersaturation.5?:1ss166 However, the effect of
antiscalants on the nucleation and crystal growth process of calcium solids remains
unknown. Typically, the onset of solid precipitation is delayed in the presence of
antiscalants. This delayed period, known as inductiontime, is controlled by the activation
energy of the nucleation process.67168 A better and quantitative understanding on how
antiscalants impacts the induction time is critical to predict the effectiveness of antiscalants.
Furthermore, although the presence of antiscalants delays nucleation reaction, the nuclei
formation eventually takes place. Therefore, it isimportant to quantify the kinetics of solid

precipitation in the presence of antiscalants.

In addition, prior studies are mainly focused on CaSQO4) and CaCOs(s) precipitation
as the two calcium-containing solids.*64169172 In recent years, membrane-based advanced
reuse of domestic wastewater in agricultural and industrial sectors are increasingly
implemented. In these scenarios, the precipitation of calcium phosphate solid, especially

hydroxyapatite Cas(PO4)3sOHs) in the brine becomes a major limiting factor.273175 However,
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the nature of calcium phosphate formation and the associated antiscalant effect remainsto

be understood.

The objectives of this study were to examine the impacts of three widely used
antiscalants (i.e., NTMP, EDTMP and DTPMP in brackish water concentrate on the
nucleation process of calcium-containing solids, i.e., Cas(PO4)3OH), CaSOs), and
CaCOg(s), quantify the precipitation kinetics of calcium solid formation, and examine the

distinct crystal growth patterns of calcium mineralsin the presence of different antiscalants.
2.3 Materialsand methods

All solutions were prepared with analytical grade chemicals and deionized (DI)
water (resistivity <18.2 MQ/cm). To start a precipitation experiment with Cas(PO4)30Hs),
stock solutions of 25-50 mM CacCl; and 1-3 mM Na;HPO4 were prepared and adjusted to
pH 7.8 with droplets of 0.5 M NaOH and 0.5 M HCIO,. This pH level istypical of brackish
water desalination brine.17¢ Initial ionic strength of the mixing solutionwas fixed at 0.1 M

by adding targeted amount of NaClO,.

A 150-mL solution contains CaCl, and a 100-mL solution contains Na;HPO, were
adjustedto pH 7.8. Following that, 0-10 mM of NTMP, EDTMP or DTPMP prepared from
its respective sodium-based salt was added into CaCl, and Na;HPO, solutions with equal
concentrations. Both solutions were then quickly mixed at a high stirring rate in a batch
reactor. This approach of mixing avoided possible interference due to localized

concentration spike. The final mixed solution created a targeted antiscalant concentration
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ranging between 0 and 11 pM, and a saturation index between 14 and 15 with respect to

Cas(PO4)30Hs). The saturation index of Cas(PO.)3OHg is defined as:

5 3
X - X Opy-
ca?t 3 OH
a Po4 ) (1.1)

Ksp,Cas (P0O4)30H(s)

o

Slcag(poy)s00 = log (

where app3- ,, oy~ and, ag.z+ are activities of PO,*, OH and Ca?*, respectively.
Kspcas(Pog)s0n 1S the solubility product of hydroxyapatite (10-4433), Equilibrium

calculations and stability constants were from the Visual MINTEQ software database. 7

The precipitation experimentwith CaSOs) and CaCOz(s) were performed similarly
to that of Cas(PO4)3(OH)s), except that phosphate was replaced by sulfate and carbonate
salt, respectively. The saturation index was controlled between 0.2 to 1.2 for CaSOg4s) and
between 1.3 and 1.8 for CaCOss), respectively. The saturation index of each solid is defined

as:

A2+ X Ocpn 2—
Slcaso, = log< « S ) (1.2)
Ksp,CaSO4(5)
A2+ X Oppy 2—
Sleaco, = log( = s > (1.3)
Ksp,CaCO3(s)

Where a2, ap2- and aggz+ are the activities of SO.*, COs* and Ca*’,

respectively, while Ky, cqs0, and K caco, are the solubility products of calcium sulfate

and calcium carbonate, respectively. (Ksp cqs0, = 10%%%, K}, caco, = 10848).178
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After the mixing of respective solutions, precipitation experiments were conducted
ina 250-mL batch reactor completely mixed at 400 rpm with a magnetic stir bar. The solid
precipitation Kinetics was monitored by measuring the change of turbidity at pre-
determined time intervals using a HACH 2100N turbidimeter. The suspension pH was
maintained at 7.8 = 0.05 with a requisite amount of tris(hydroxymethyl)aminomethane
(TRIS) buffer. The presence of TRIS buffer has a negligible impact on the calcium
precipitation reaction (Figure S2.2). The rate of precipitationwas calculated by fitting the
turbidity-time profile to a Michaelis-Menten type model.17® The rate model and the fitting
are described in Text S2.1 and Figure S2.3. The concentration of antiscalants was
confirmed by UV oxidation with H,O, followed by analysis using the standard molybdate
blue spectrophotometric method.1® Zeta potential of precipitated calcium solids was

measured using Zetasizer nano ZS90 analyzer (Malvern Panalytical, Inc.).
2.4 Results and discussions

2.4.1 Effect of antiscalant type on the precipitation of calcium solids
Figure 2.1A shows the kinetics of hydroxyapatite precipitation reaction in the
presence of three antiscalants. The precipitation Kinetics on the basis of the solution
turbidity exhibited three distinct phases: an initial lag phase, a rapid precipitation phase
and a final equilibrium phase. During the lag stage, hydroxyapatite nuclei underwent a
constant formation and dissolution until a critical radius (denoted as reritical) Was achieved.
This initial phase was followed by a rapid precipitation phase where crystals grew quickly

until reaching equilibrium and becoming stationary in the end.

26



In the presence of 1 UM NTMP, EDTMP or DTPMP, the induction time for hydroxyapatite
precipitation to occur ranged between 1 and 5 minutes (Figure 2.1A). Phosphonate
antiscalants can adsorb onto the incipient nuclei generated during the induction period,
resulting in a distortion of crystal growth pattern and a delay of nucleation.1s183
Antiscalants can also act as an impurity on the surface of a growing crystal, which slows
down its further growth. The presence of antiscalants can increase the surface energy of
the growing crystals, which decreases the rate of nucleation and increases the induction
time.184

The induction time of hydroxyapatite precipitation without an antiscalant was only
a few seconds. It significantly increased in presence of an antiscalant compared to the
control (Figure 2.1A). Calculations showed that a majority of calcium under the brine
chemical condition exists as the free ion form rather than aqueous calcium-antiscalant
complexes in the presence of antiscalants (Text S2.2 and Figure S2.4), indicating that the
inhibitive effect by antiscalants likely results from the adsorption of antiscalants onto the
incipient nuclei of hydroxyapatite.

In addition, the effectiveness of antiscalant in extending the induction time
followed the order of DTPMP > EDTMP > NTMP (solid linesin Figure 2.1B). The longer
induction time of hydroxyapatite nucleation in the presence of DTPMP compared to NTMP
or EDTMP is likely contributed by two factors. First, antiscalants differ from each other in
the number of amine functional groups in their backbone structure and the number of
phosphonate groups (Figure 1.3). High-molecular-weight antiscalants with a larger number

of amine groups (e.g., DTPMP) have a bigger molecular structure compared to the
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relatively low-molecular-weight antiscalants (e.g., NTMP). When antiscalants adsorb on
the incipient hydroxyapatite nuclei, the high-molecular-weight DTPMP molecules occupy
a larger surface area of the nuclei structure, thus extending the induction time

considerably.5%:18s
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Figure 2. 1 (A) Comparison among three antiscalants on their effects on the kinetics of
hydroxyapatite precipitation. [PO4*] = 26 mg P/L; saturation index = 14.2; [antiscalant] =
1 uM. (B) Impact of different antiscalant dosage on the induction time (solid lines) and the
nucleation rate (dash lines) of hydroxyapatite. [PO4%] =30 mg P/L; saturation index = 14.6.
[Ca?*] = 10 mM; pH = 7.8; ionic strength = 100 mM; [TRIS buffer] = 20 mM.
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Furthermore, with the same saturation index of hydroxyapatite, the induction time
increased with the antiscalant dosage (Figure 2.2A). For instance, an increase of EDTMP
dosage from 0.5 to 3 uM increased the duration of induction time from 1.5 to 5 minutes,
thus delaying the onset of homogeneous crystallization. A higher antiscalant concentration
in the solution resulted in a higher surface adsorption of the nuclei and less surface areas
were available for the nucleation to take place. In addition, the effects of antiscalant on the
induction time also depends on the extent of calcium supersaturation. For example, a higher
saturation index of hydroxyapatite reduced the induction time at the same dosage of
EDTMP (Figure 2.2B).

Typically, as the dosage of antiscalant increased, it became more effective in
delaying the onset of hydroxyapatite precipitation with more oversaturated solution, as
shown by the extension of induction time with an increasing antiscalant dosage at a fixed
saturation index (Figure 2.3). Furthermore, the three antiscalants exhibited different
efficiencies in delaying hydroxyapatite precipitation. The duration of induction time was
used to evaluate the antiscalant efficiency. A given antiscalant dosage was considered as
efficient at and below the saturation index where a change in the initial saturation index
showed a change in the average of the slope of the induction time more than 50% of its
previous value. For example, at an antiscalant dosage of 0.5 uM, NTMP only became
effective in delaying hydroxyapatite precipitation with a saturation index less than 14.40

(Figure 2.3A), whereas EDTMP became effective with a saturation index less than 14.55.
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DTPMP was effective when saturation index was below 14.69 (Figure 2.3C). This effect
was also observed for CaSOss and CaCOsg) precipitation, respectively (Figure S2.7).
These critical saturation indices are significant in defining the inhibitive effects of
antiscalants on scale formation in desalination concentrate. In addition, as the calcium
oversaturation level was below the critical saturation index, different antiscalants
accelerated the extension of induction time with respect to the saturation index in the order
of NTMP > EDTMP > DTPMP (Figures 2.3A, 2.3B and 2.3C).

2.4.2 Thermodynamics of calcium crystallization in the presence of antiscalants
According to the theory of homogenous nucleation, the duration of induction time is
intrinsicallyassociated with the thermodynamics of nucleation reaction and crystal growth
process. Specifically, the logarithm of induction time is linearly related to the square root
of the saturation index of the corresponding solid as described in the equation below: 186187

log(ting) = A[T3(SI)™%] +B (1.5)

where tinqis the induction time (second), T is the solution temperature (Kelvin), SI
is the saturation index of the solution with respect to a calcium-containing solid
(dimensionless), and both A and B are fitting parameters. This linear relationship was

observed during the precipitation of Cas(PO.)30H), CaCOs() and CaSQOass) (Figure S2.8).

The surface energy of crystallization, y (J/m?), was calculated using the equation

1.6 below using the value of A obtained from equation 1.5:

A.3R)3 \"°
= 7 1.6
4 <ﬁvn%NAf(e)> (18)
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hydroxyapatite. (C) [PO+*] = 24-35 mg P/L; saturation index = 14.5-14.9. [Ca*'] =10
mM; pH = 7.8; ionic strength = 100 mM; [TRIS buffer] =20 mM.

where £ is the geometry factor and has a value of 167/3 for a spherical nucleus, 7,
is the molecular volume of the crystal (1.2x102® m*/molecule for gypsum,8 6.1x102°
m?/molecule for vaterite,® and 2.6x10% m*/molecule for hydroxyapatite190:191),

The Gibbs free energy of homogenous nucleation with respect to the radius of the
nucleus is calculated as: 192194

4mwr3 kTSI

AG =
3V,

+4mriy (1.7)

where k is the Boltzmann constant (1.38x10%® J-K™!). The firstterm in Equation 7
represents the change in the bulk free energy. The second term is the change in the surface
free energy that results from the formation of new interface between the new nuclei and

the aqueous phase.
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When the Gibbs free energy of nucleation reaches a maximum, the radius of the
nucleus is defined as the critical radius of nucleation (reritical), and the corresponding Gibbs
free energy is defined as the activation energy of nucleation (A4 Geritical). Feritical 1S the minimal
radius of the nucleus that is required for the initiation of crystal growth and precipitation.
A typical calculated trend of the nucleation process is shown in Figure 2.4A. For Equation

7, when r = reritical, (AAG/dr) = 0. Therefore,

2y Vi

Teriticalt = kT SI (1.8)

Accordingly, a combination of Equations 7 and 8 results in the following expression:

16my3V,,2

AGcritical = 3 k2T2S]2 (1.9)

Calculations show that values of 4Ggritical and Feriticar decreased with an increase in
saturation index (Figures S2.9-S2.10). A higher oversaturation level increases the
probability of collisions between nuclei, and exerts a stronger driving force for nucleation,
therefore decreasing the requirement on the size of subcritical nuclei reaching the reritical.
To understand the effect of antiscalants on the precipitation thermodynamics, the effect of
antiscalant dosage on the activation energy of calcium solid nucleation was investigated.
Figure 2.4B shows a plot of relative changes in activation energy of nucleation (4Ggritical)
as afunction of EDTMP dosage for different calcium solids. CaCO3) and CaSOss) showed
a linear increase in the activation energy with an increasing EDTMP dosage.

Cas(PO4)30Hs), however, only showed a similar trend at a low EDTMP dosage up to 1

34



KM, and its activation energy decreased with a further increase inthe EDTMP dosage from
1 uMto 4 uM (open circles, Figure 2.4B).

The decrease in the activation energy of nucleation of Cas(PO4)3sOH) at higher
EDTMP dosages can be attributed to a transition from homogenous to heterogeneous
nucleation.

Plotting the log of induction time of hydroxyapatite in presence of EDTMP against
the saturation ratio exhibited two distinct linear correlations (Figure S2.8A), suggesting a
transition from homogenous to heterogenous nucleation when the saturation index
decrease. This effect was only observed with lower saturation indices and higher
antiscalant dosages. Similar findings were reported for the precipitation of calcium solids
changing from homogeneous to heterogenous nucleation at lower saturation indices. 88
The heterogeneous nucleation can take place due to the presence of freshly formed
hydroxyapatite acting as seeds for nucleation.1*s The free energy barrier is smaller for
heterogeneous nucleation compared to that for homogeneous nucleation.% Thus, to
calculate the homogeneous activation energy of hydroxyapatite nucleation the results with
higher antiscalant dosage and lower saturation indices conditions were discarded. The
recalculated results showed a linear increase with EDTMP dosage (closed circles, Figure

2.4B).
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Figure 2. 4 (A) Gibbs free energy for homogeneous nucleation of CaSOu) at varying
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(B) Impact of EDTMP dose on activation energy of different calcium solids; Experimental
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2.4.3 Effect of antiscalant on the kinetics of calcium solids precipitation

The rate of hydroxyapatite precipitation depended on the antiscalant dosage and the
saturation index (Figure 2.5). In general, at a fixed level of oversaturation, the rate of
precipitation decreased with an increasing antiscalant dosage. Meanwhile, the rate of
precipitation increased with a higher saturation index for any given antiscalant dosage.
In addition, different antiscalants exhibited distinct dosage-response behaviors on the
precipitation rate. For example, NTMP showed a very strong dosage effect that highly
depends on the level of oversaturation (Figure 2.5A). At a fixed NTMP dosage, as the
saturation index increased beyond a critical value, the precipitation rate increased
significantly

On the contrary, the dosage effect of EDTMP on the precipitation rate was moderate
(Figure 2.5B), and that of DTPMP was insensitive to the saturation index (Figure 2.5C).
EDTMP or DTPMP at a low dosage of 0.5 uM is as effective as other higher dosages in
slowing down the precipitation kinetics regardless of calcium saturation, but NTMP at 0.5
MM was only effective at a low calcium saturation level. These trends suggest that EDTMP
and DTPMP are more effective than NTMP in suppressing the rate of hydroxyapatite
precipitation. This difference likely resulted from a higher surface blockage of nuclei by
larger antiscalants molecules of EDTMP and DTPMP, and the consequently stronger

inhibitive effects on the growth of calcium crystals.
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Figure 2. 5 Impact of antiscalant dosage on rate of precipitation of hydroxyapatite in
presence of (A): NTMP (saturation index = 14.1-14.9); (B): EDTMP (saturation index =
14.3-14.8) and (C): DTPMP (saturation index = 14.5-14.8). [Ca?*] = 10 mM; pH = 7.8;
ionic strength = 100 mM; [TRIS buffer] = 20 mM.
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2.5 Conclusions

These findings show that although all the three antiscalants have the active
phosphonate functional groups, they affect the precipitation kinetics of calcium solids
differently. Antiscalants are only effective in temporarily stabilizing the oversaturated
desalination brine and delay the scale-forming substances (in this case, calcium solids)
from precipitation. Results from this study established a quantitative relationship between
the nucleation rate of three most commonly observed calcium-scaling solids and three most
widely used antiscalants. Accordingly, it provided guidance on the threshold dosage of
antiscalants that can hold a certain duration of time to prevent the oversaturated brine waste
from scale formation. Furthermore, with an ever-increasing dependence on desalination
especially in the inland areas and more desalination facilities targeting a near zero liquid
discharge, brine demineralization (i.e., TDS removal) is the key to increasing water
recovery and managing the concentrate waste. The modeling of precipitation rate from this
study provided crucial information on the relationship among the rate of precipitation, the
antiscalant dosage and the critical saturation index, which can help to determine the
targeted amount of antiscalant that needs to be removed to achieve a high rate of
demineralization. The optimization of an efficient demineralization technique is crucial

and will be further investigated in the future.
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3.1 Abstract

Brackish water desalination has become increasingly importantin arid inland regions
for sustainable water supplies, but the management of desalination brine waste is costly. In
particular, the presence of oversaturated calcium as scale-forming compounds in the brine
IS the most important factor limiting the recovery of water. Removal of these antiscalants
from the brine can induce the precipitation of oversaturated scale-forming substances,
enable additional water recovery from RO concentrate, and reduce the risk of
eutrophication after brine disposal. This study investigated the impact of photochemical
degradation of three widely used antiscalants, i.e., nitrilotri-methylenephosphonic acid
(NTMP), ethylenediaminetetra-methylenephosphonic  acid (EDTMP) and
diethylenetriaminepentakis-methylphosphonic acid (DTPMP) with hydrogen peroxide
(H202) and persulfate (S,0s?) as the photo-oxidants, and the associated effects on inducing
the precipitation of calcium sulfate (CaSOa)). Results showed that the antiscalants could
be effectively degraded at the optimized conditions. DTPMP degrades much slower
compared to NTMP and EDTMP with both the photo-oxidants in this study. DTPMP also
exhibited a much higher inhibition capacity in delaying the precipitation of gypsum.
Results showed that the treatment efficiency of contaminants is higher with UV/S;05%
than with UV/H,O, under chemical conditions relevant to reverse osmosis desalination
concentrate. The generation of HO™ was important in UV/H20,, whereas both SO4"~ and
HO" were important in UV/S,0g?". It was also observed that induction time depended on

the extent of UV exposure. This study shows an effective approach to potentially increase
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the water recovery in desalination concentrate with the help of a UV/oxidant-assisted

removal of TDS and thereby employing a secondary RO.
3.2 Introduction

During nanofiltration and reverse osmosis, antiscalant compounds are usually
utilized to counteract membrane fouling by mineral scale. Phosphonate compounds are
most widely used as antiscalants. Similar to phosphate, phosphonate compounds too have
high affinity for Ca?* and other scale forming ions, such as Ba?*, Mg?* and Fe3*.1%7
Phosphonate compounds hinder scale development by meddling with crystallization of
scale shaping minerals and postponing or totally forestalling nucleation of mineral
precipitates.2®¢ In multiple water treatment operations, the membrane concentrate is
exposed to a subsequent stage reverse osmosis process. Water recuperation process can be
increased by utilizing a multistage process that accommodates a precipitation step on the
primary nano filtration and reverse osmosis concentrate.*° Antiscalants are widely used in
commercial applications since they have brilliant chelating propertiest®® and helps in
increasing the activation energy required by interacting with nucleating crystals. Moreover,
antiscalants which contain phosphonate have been broadly utilized due to their stability
and threshold adequacy.

Antiscalant compounds when utilized inhibit the mineral precipitation from the
concentrate solution.2® As a result, it is advisable that these compounds be removed from
the primary concentrate before the precipitation stage. If the membrane concentrate has
been discarded of in the ocean, phosphonate removal is also advisable to abstain from
adding phosphonate that may advance algal blossoms. 201
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The management of the concentrated waste stream is one of the remaining obstacles
for the implementation of desalination using RO membranes, since the concentrate is
usually unusable and must be discharged or further treated. Currently, brine utilization has
gained a lot of attention from both researchers and industries in the form of increasing
water recovery and obtaining valuable components from the brackish desalinated
water,202:203204.205 Several techniques have been proposed for separation of antiscalants.
Some studies have reported that iron coated waste filtration sand and intermediate
concentrate demineralization can eliminate antiscalant from the RO concentrate.206:207
However, this method requires chemicals addition, generates sludge, low permeate quality,
high operating costs, and the antiscalant in the RO concentrate is still not completely
separated. Another study has investigated effect of antiscalant degradation using ozone on
the salt precipitation in reverse osmosis concentrate and reported the changes in particle
size distributionand the particle morphology. In this study, separation of antiscalant from
reverse 0Smosis concentrates using advanced oxidation process was investigated. NTMP,
EDTMP and DTPMP were used as models of antiscalants dissolved in reverse osmosis
concentrate waste. Furthermore, persulfate and hydrogen peroxide were used as the

oxidants to study the contribution of hydroxyl and sulfate radicals in the oxidation process.
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3.3 Materialsand methods

3.3.1 Reagents

All inorganic salts, acids and bases used in the experiments were analytical grade
reagents. Calcium hydroxide, sodium sulfate and sodium persulfate were used were used
to make synthetic test solutions. All the stock solutions were prepared with deionized (DI)

water (18.2 MQ/cm) produced from Milli-Q system (Millipore).

3.3.2 CaSOq precipitation via photochemical degradation of antiscalants.

Batch experiments of photochemical antiscalant degradation were conducted in 10-
mL quartz tubes under the irradiation of a 450-W UV immersion lamp (Ace Glass, Inc.).
The lamp emitted photons with wavelengths ranging between 200 and 850 nm and has a
UV intensity of 42 mW/cm? (Figure S3.1). All quartz tubes were placed in a carousel that
rotated around the UV lamp. The dosage of all the antiscalants ranged from 0 to 15 mg
P/L. To determine the steady-state radical concentrations generated during persulfate
photolysis, 5 uM nitrobenzene (NB) and 5 pM benzoic acid (BA) were added as probe
compounds. (Figure S3.2 and Figure S3.3) Prior to the experiment, the pH of the reaction
solution was adjusted to a target value by adding HCIO4 or NaOH. The prepared reaction
solution was transferred to quartz reaction tubes and placed in a carousel UV reactor (ACE
Glass Inc.) equipped with a low-pressure UV mercury lamp (A= 254 nm, 1.4 mW/cm?)2s,
The experiments were conducted at 22+1° C. At predetermined time intervals, sacrificial

tubes were withdrawn from the reactor for chemical analysis.

For UV-precipitation experiment with CaSQOu), stock solutions of 500 mM

Ca(OH)2, 800 mM NazS04, 10 MM H,02, 10 mM NazS;0s, 1 mM stock of each NTMP,
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EDTMP and DTPMP, and 3 M NaClO, were prepared and adjusted to pH 7.8 with droplets
of 2 M NaOH and 2 M HCIO4. This pH level is typical of brackish water desalination
brine.209 All the stock solutions were filtered through a 0.22-pum Millipore syringe filter
prior to adding them before the start of the experiment. Turbidity of each stock solution
was measured using a HACH 2100N turbidimeter. Initial ionic strength of the mixing
solution was fixed at 1 M by adding targeted amount of NaClO4. To start a UV reaction,
all the chemicals viz. Na;SOs, antiscalant, NaClO4 and the oxidant were added to the quartz
tube except for the Ca(OH),. The pH of the solution was tested and adjusted to 7.8 if
needed. Ca(OH), was added just before placing the quartz tube in the UV reactor. The final
mixed solution created a targeted antiscalant concentration ranging between 0 and 15 mg
P/L, and a saturation ratio of 7 with respect to CaSO4. The saturation ratio of CaSOau) iS

defined as:

Ocg2+ X 0(5042—

SRcaso, = (3.1)

Ksp,CaS O4(s)

Where o2~ and aggz+ are the activities of SO* and Ca?*, respectively, while

Ksp,caso, is the solubility product of calcium sulfate. (Ks;, cqs0, = 10761).220

At pre-determined sampling intervals, one sacrificial quartz tube was taken out
from the UV reactor. The suspension was immediately filtered through a 0.22-um Millipore
syringe filter to filter out the CaSQOu) precipitated if any and further used to analyze the
dissolved calcium concentration, inorganic phosphate and the antiscalant concentration in

the filtrate. After filtering the CaSOa) out from the sample at the respective time interval,
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the supernatant forms another precipitate of CaSOass) as the filtered supernatant is still
supersaturated. To dissolve and extract all the calcium from the first filtered sample, one
portion of concentrated HNO; is added to two portions of the sample. The solution obtained
is then diluted to measure the dissolved calcium concentration.
3.3.3 Modeling for determining the kinetics of calcium precipitation and induction
time
To quantitatively predict the induction time of nucleation and the kinetics of
calcium precipitation, a multitarget model was established to describe the three-phase
behavior using the equation 3.2. This model has been used to express typical viability loss
profiles during disinfection of bacteriaand Crytosporidium parvum oocysts and to predict

the kinetics of disinfection of E coli.?11,212

[1—exp (—kt)]m} (3.2)

N =N {1—
0 (Nop + 1)

Where, N is the dissolved calcium concentration (mM), No is the initial calcium
concentration before the onset of precipitation (mM), k is the rate constant for the
exponential decay phase (minutes), m and p are the intrinsic model fitting parameters with
no physical significance. The value of k, m and p were obtained by fitting the model with
experimental data using the Solver tool on the Microsoft Excel. The induction time (ts) was
defined as the period during which the dissolved calcium concentration dropped to 95% of
the initial dissolved calcium concentration. Thus, when N/Np = 0.95. Consequently, ts was

calculated using equation 3.3:
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-1 100p + 1\ /m
(= 7L1v{1 - (T) } (3.3)

This kinetic model fits the precipitation of all calcium solids very well. Figure S3.4
shows a typically data fitting on the precipitation of gypsum in presence and absence of
DTPMP. Figure S3.5 shows the model robustness comparing the predicted dissolved
calcium concentration using the model against the experimentally measured concentration.
3.3.4 Analytical methods

Dissolved calcium was measured using a standard titration with
ethylenediaminetetraaceticacid (EDTA) method.2:2 All pH measurements were performed
after calibrating the pH meter with standard buffers at pH 4, 7 and 10 adjustedto 1 M ionic
strength simulating the experimental ionic strength to account for the pH deviation at
elevated ionic strengths.2:4215 Thus, no recalculation of pH was further performed. The pH

values reported in this work are presented as recorded based on the above procedure.
3.4 Results and discussion

3.4.1 Antiscalantinduced precipitation of calcium sulfate

The dosage of hydrogen peroxide was optimized to achieve the optimal
performance for antiscalant degradation in presence of medium pressure UV lamp. The
antiscalant dosage was a key parameter because it impacted the induction time for
nucleation and played a key role in the nucleation rate for different calcium minerals.226
Details on the optimization of oxidation parameter were provided in Text S3.1 and Figure

S3.6. The antiscalant degradation experiment released different degradation byproducts.
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Inorganic orthophosphate is one of the primary oxidation products of this reaction. Figure
3.1 shows the fraction of the antiscalant degraded as depicted by the release of inorganic
phosphorus. Owing to this, the concentration of inorganic phosphate increased with time.

The saturation index of Cas(PO4)30H) is defined as:

5 3
A gzt X Cpps X aOH—> (3.0

S =lo
Cas(P04)30H g ( Ksp,Cas (P04)30Hs)

where Upg3= 1, Qon- and, a2+ are activities of PO,*, OH and Ca?*, respectively.
Ksp,cas(poy)s0mgs, 1S the solubility product of hydroxyapatite (104433). Equilibrium

calculations and stability constants were from the Visual MINTEQ software database. 7

The saturation index of the solution with respect to hydroxyapatite thus increases
with time as well. However, our previous studies have reported that hydroxyapatite doesn’t
precipitate within the experimental time below the saturation index of 12. To test this, an
XRD analysis was performed at the precipitated minerals. XRD peaks showed that the
precipitate existed as the gypsum and none of the peaks matched with hydroxyapatite

Figure 3.2.
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3.4.2 Effect of antiscalant dosage on different precipitation properties of gypsum

The impact of each antiscalant, NTMP, EDTMP and DTPMP was studied on their
ability to induce precipitation of gypsum. Their concentrations were measured in terms of
the amount of phosphorus content in each antiscalant as used in their commercial
application. Thus, 3, 5, 8 and 15 mg P/L of each antiscalant was used as the initial dose.
The antiscalant concentrations were measured and confirmed by different analytical
methods. Inorganic phosphate was measured as a measure of antiscalant degradation as a
function of time. All the three antiscalants were also measured directly using lon
chromatography as described in the materials and method to match with the inorganic

phosphate measurement. This was further validated by fitting a degradation model based
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Figure 3. 1 Inorganic phosphate release profile with UV/PS degradation of DTPMP in
presence of CaSOy precipitation [S;0g]%0 = 3.8 mM; [Ca?*] = 37 mM; [SO4*] = 564 mM;
pH = 7.8; medium pressure UV lamp.
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Figure 3. 2 Comparison of the XRD pattern for standard calcium sulfate with the solid
precipitate after 60 minutes of oxidation of the antiscalant.

on the radical steady state concentration measurement (Figure S3.7). The dose response of
each antiscalant was tested for its ability to delay the precipitation as well as the rate at
which gypsum was precipitated in each case. were compared, and the fractional
orthophosphate production increased as the concentration of antiscalant decreased. The
thermodynamically stable form of calcium sulfate, gypsum is predicted to precipitate for
the experimental conditions used (Figure 3.2). To compare the efficacy of the antiscalants,
dissolved calcium was measured as a function of time to track the precipitation of gypsum.
Typically, the onset of solid precipitation is delayed in the presence of antiscalants. The
precipitation kinetics on the basis of the solution turbidity exhibited three distinct phases:

an initial lag phase, a rapid precipitation phase and a final equilibrium phase. During the
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lag stage, hydroxyapatite nuclei underwent a constant formation and dissolution until a
critical radius (denoted as reriticat) Was achieved. This initial phase was followed by a rapid
precipitation phase where crystals grew quickly until reaching equilibrium and becoming
stationary in the end. This delayed period, known as induction time, is controlled by the
activation energy of the nucleation process.2t¢229 With an initial antiscalant concentration
of 3 mg P/L without any UV, there was no decrease in the dissolved calcium concentration
for 30 minutes suggesting that without any decrease in the antiscalant concentration the
supersaturated solution of calcium sulfate is stable and doesn’t precipitate. Thus, the
induction time is longer than the experimental time. Evidently, there won’t be any decrease
in the dissolved calcium concentration at higher antiscalant concentration without UV
either. On the other hand, in absence of any antiscalant, the dissolved calcium
concentration starts decreasing after 5 minutes. Suggesting that at the saturation conditions
used in the experiments, the solution can hold only for 5 minutes. In presence of UV, as
the antiscalant concentration decreased with time, so did the dissolved calcium
concentration. As the initial antiscalant concentration increased, the induction time
required for nucleation kept increasing. For example, the dissolved calcium concentration
starts decreasing after 10 minutes when the initial antiscalant concentration was 3 mg P/L,
while it took around 19 minutes when the initial antiscalant concentration was increased to
15 mg P/L (Figure 3.3). The same trend was observed for the two other phosphonate
antiscalants, EDTMP and DTPMP tested in this study (Figure S3.8 and Figure S3.9). The
residual antiscalant concentration which is the dynamic remaining concentration of

antiscalant changes with time due to the antiscalant degradation. More importantly, for a
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very low residual antiscalant concentration the induction time increases drastically with a
slight increase in the residual antiscalant concentration. When the residual antiscalant
concentration s high, the change is not this drastic.

In a system where the concentration of antiscalant doesn’t change by operations
like advanced oxidation processes, the induction time for precipitation is more sensitive to
the antiscalant concentration at higher end of the spectrum unlike what we observed.?
Usually when the concentration of antiscalant is high, the adsorption of these antiscalant
molecules on the nucleating crystals have known to be increasing the activation energy of

nucleation by retarding the precipitation of salts that have exceeded their solubility product,
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by distorting the normal crystal growth and producing an irregular crystal structure with

Figure 3. 3 Dissolved calcium release at different initial DTPMP concentrations;
[DTPMP]o = 3-15 mg P/L; [S208]%0 = 3.8 mM; [Ca?*] = 37 mM; [SO4?] = 564 mM; pH =
7.8; medium pressure UV lamp.
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poor scale forming ability or by placing a surface charge on the crystals owing to which
the crystals repel each other and are dispersed in the bulk.220221 However, in this dynamic
experiment a synergistic effect between the nucleation of calcium sulfate crystals and
degrading antiscalant is observed. When the antiscalant concentration decreases, the
molecules of antiscalants are degraded they release packets of the nucleating crystals that
were not available for nucleation. These newly freed crystals nucleate to form bigger
crystals and eventually precipitate. Thus, between the two mechanisms of decreasing
antiscalant concentration and nucleating crystals, the nucleation of crystals is more

significant and hence the induction time of nucleation doesn’t show strong dependence on
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the residual antiscalant concentration (Figure 3.4). The critical radius of nucleation

Figure 3. 4 The effect of residual antiscalant concentration on the induction time of
gypsum; [antiscalant]o = 3-15 mg P/L; [S20s%]o= 3.8 mM; [Ca?*] = 37 mM; [SO,4?>] = 564
mM; pH = 7.8; medium pressure UV lamp.
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required for the crystallization to occur is relatively smaller for lower antiscalant dosage.

Thus, with slight decrease in the antiscalant concentration, the induction time decreases

significantly.

3.4.3 Effect of antiscalant type

Figure 3.5 shows the kinetics of gypsum precipitation reaction in the presence of
three antiscalants. In the presence of 15 mg P/L NTMP, EDTMP or DTPMP, the induction
time for gypsum precipitation to occur ranged between 9 and 18 minutes. Phosphonate
antiscalants can adsorb onto the incipient nuclei generated during the induction period,

resulting in a distortion of crystal growth pattern and a delay of nucleation.222224
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Figure 3. 5 Comparison among three antiscalants on their effects on the kinetics of gypsum
precipitationin UV persulfate oxidation system. [antiscalant]o =15 mg P/L; [S;0s]%0= 3.8
mM; [Ca?*] = 37 mM; [SO4%] = 564 mM; pH = 7.8; medium pressure UV lamp.
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Antiscalants can also act as an impurity on the surface of a growing crystal, which slows
down its further growth. The presence of antiscalants can increase the surface energy of
the growing crystals, which decreases the rate of nucleation and increases the induction
time.22

The induction time of gypsum precipitation without an antiscalant was only 5
minutes. It significantly increased in presence of an antiscalant by almost doubling
compared to the control. Calculations showed that a majority of calcium under the brine
chemical condition exists as the free ion form rather than aqueous calcium-antiscalant
complexes in the presence of antiscalants (Text S2.2 and Figure S2.4), indicating that the
inhibitive effect by antiscalants likely results from the adsorption of antiscalants onto the
incipient nuclei of gypsum.

In addition, the effectiveness of antiscalant in extending the induction time
followed the order of DTPMP > EDTMP > NTMP. The longer induction time of gypsum
nucleation in the presence of DTPMP comparedto NTMP or EDTMP is likely contributed
by two factors. First, antiscalants differ from each other in the number of amine functional
groups in their backbone structure and the number of phosphonate groups (Figure S2.1).
High-molecular-weight antiscalants with a larger number of amine groups (e.g., DTPMP)
have a bigger molecular structure compared to the relatively low-molecular-weight
antiscalants (e.g., NTMP). When antiscalants adsorb on the incipient hydroxyapatite
nuclei, the high-molecular-weight DTPMP molecules occupy a larger surface area of the
nuclei structure, thus extending the induction time considerably.t%226 Secondly, the

degradation rate of the antiscalants followthe order of DTPMP < EDTMP < NTMP. Thus,
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once the oxidation begins, at any given time, the concentration of DTPMP is relatively

higher compared to EDTMP and NTMP.

3.4.4 Effectof oxidant type on the precipitation kinetics and induction time for gypsum

Most organic compounds are resistant to conventional chemical and biological
treatments. The C-P bond in these antiscalants make them very durable in the
environmental conditions.22? Previous study have reported fission of this C-P bond as well
as C-N bond using UV/persulfate.222 To the best of our knowledge no investigation has
been done on understanding the contribution of different radicals and UV/AOPs on the
precipitation characteristics of scaling minerals.

All the experiments were conducted at pH 7.8 without addition of any buffer. All
the three antiscalants showed complete removal at lower antiscalant dosage of 3 mg P/L
within 30 minutes of UV/oxidant releasing orthophosphate as the degradation product. The
degradation of NTMP and generation of orthophosphate both followed a pseudo first-order
Kinetics. The spontaneous release of orthophosphate and the decrease in the antiscalant
concentration resulted due to the generation of highly reactive radicals in presence of
UV/H,0; and UV/persulfate in their respective systems.

The photochemical advanced oxidation process using UV light and hydrogen
peroxide is a quite well-established technology for water and wastewater treatment220230.231
This process relies on the production of an effective oxidant, the hydroxyl radical (*OH),

through the irradiation of the hydrogen peroxide with ultraviolet radiation.

h
H,0, - 2HO" (3.5)
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$,08~ hy 250;" (3.6)

SO;™ + H,0 hy HO® + HSO; 3.7)

HO" reacts non-selectively with organics at the near diffusion-limited rate
constants232 whereas, SO, is more reactive with compounds containing electron-donating
functional groups including olefinic bonds, amine and hydroxyl groups.233:234
Several experiments were performed with a fixed oxidant dosage for both persulfate and

peroxide varying the antiscalant type and dosage. Results for the antiscalant DTPMP are
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Figure 3. 6 Induction time of precipitation for gypsum as a function at varying residual
DTPMP concentration. [S20s]%0= 3.8 mM; [Ca?*] = 37 mM; [SO4*] = 564 mM; pH = 7.8;
medium pressure UV lamp
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shown in Figure 3.6 as the induction time of precipitation for gypsum as a function of the
residual antiscalant concentration. The residual antiscalant concentration is the
concentration of the antiscalant at the onset of precipitation. The onset of precipitation is
determined by using equation 3.3 and the antiscalant concentration is estimated from the
pseudo first order degradation rate profile of the antiscalant. UV/persulfate is slightly better
with an induction time 10-15% longer compared to UV/H;0,. In order to quantify the
performance of each system, steady state concentration of each radicals and hence their
steady-state concentrations and intrinsic second-order reaction rate constants with DTPMP
were determined based on competition reaction kinetics (Text S4.1). Nitrobenzene and
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Figure 3. 7 Comparison of the pseudo first order rate constants in UV/H,0, and
UV/persulfate system. Color bars represent calculated radicals’ contribution on Kops-prermp
and patterned fill represents the observed pseudo first-order rates of DTPMP degradation.
Experimental condition: [oxidant]o= 2.0 mM; [DTPMP] 15 mg P/L; pH = 7.8.
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benzoic acid were used as the probes for measuring the steady state concentrations of HO»
and SO;™.

Figure 3.7 shows the comparison of the pseudo first order rate constants in UV/H,0,
and UV/persulfate system. The pseudo-first order rate constant of UV/persulfate is ~13%
higher compared to UV/H,0O,. Although the second order rate constant for the reaction
between sulfate radical and DTPMP (ksos-oremp = 5.1x10° Ms?) is almost half of the
second order rate constant for the reaction between hydroxyl radical and DTPMP (Kon-
oremp = 11.6x107 Ms?) the radical steady state concentration of hydroxyl radicals
decreases slightly in the UV/persulfate system but almost an equivalentamount of sulfate
radicals is produced which compensates for the decreased hydroxyl radical steady state

concentration. (Table S3.1)
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4.1 Abstract

The integration advanced oxidation process on reverse 0Smosis membrane
concentrate to degrade antiscalant while inducing the precipitation of gypsum was
evaluated in this study. In addition, the impact of photochemical degradation of three
widely used antiscalants, i.e., nitrilotri-methylenephosphonic acid (NTMP),
ethylenediaminetetra-methylenephosphonic acid (EDTMP) and
diethylenetriaminepentakis-methylphosphonic acid (DTPMP) with hydrogen peroxide and
persulfate as the photo-oxidants and on inducing the precipitation of calcium sulfate was
studied while varying different water parameters such as pH, chloride, natural organic
matter, bicarbonate. A systematic approach that included radical steady state distribution
measurement for different radicals such as hydroxyl radical (HO"), sulfateradical (SO4 ),
reactive chlorine species and carbonate radical (COs; ") carbonate radical was examined
The change of pH did not have any significant impact the radical steady state distribution
In either oxidant system. Owing to which it did change the rate of precipitation or the
induction time substantially. In the presence of chloride, natural organic matter,
bicarbonate a considerable drop in the radical steady state concentration was observed for
both, UV/S;052~ as well as UV/H,0, system. The combined experimental and modeling
approach provided guidance for the design and optimization of UV/AOP systems for

increasing the recovery of water in brackish water desalination systems.
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4.2 Introduction

Groundwater is a significant wellspring of drinking water for mankind. 90% of the
freshwater resources are contained by it and it is even a significant reserve of good quality
water2ss and it is additionally utilized for farming, industrial, family unit, recreational and
environmental activities everywhere throughout the world.z¢ The groundwater quality is
typically portrayed by physical attributes, concoction synthesis, and organic parameters.
These quality parameters reflect contributions from regular sources including the
environment, soil and water rock weathering, and also anthropogenic impacts of different
activities, for example, mining, land leeway, agribusiness, corrosive precipitation, and
household and industrial waste. These parameters change broadly because of the sort of
contamination, seasonal fluctuation, groundwater extraction, and so on.23” Groundwater
generally contains dissolved mineral ions, for example, calcium, manganese, chromium,
cadmium, copper, cobalt, zinc, lithium, sodium, potassium, nitrate, sulfate, bicarbonate and
chloride which can influence the water quality.2®¢ A portion of these constituents such as
chloride, bicarbonate and NOMs are available in very high percentage in the reverse
osmosis brines. These water matrix segments have been accounted for, to adversely affect
the radical based propelled oxidation processes.239:240:241.242

Past research has not efficiently assessed the impacts of these matrix components
on AOP treatment. In fact, even the matrix effects were addressed, no study has evaluated
the impact of these radicals on the precipitation pace of scaling minerals. It is important
that a superior understanding be developed of the detailed mechanisms of radical

distribution and transformation in UV/AOPs associated with antiscalant-degradation-
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induced precipitation. Specific experiments were likewise directed to explain the effect of
individual chemical parameters including pH, chloride, alkalinity and organic carbon on

UV/AOP execution.
4.3 Materials and methods

4.3.1 Reagents

All inorganic salts, acids and bases used in the experiments were analytical grade
reagents. Calcium hydroxide, sodium sulfate and sodium persulfate were used were used
to make synthetic test solutions. All the stock solutions were prepared with deionized (DI)

water (18.2 MQ/cm) produced from Milli-Q system (Millipore).

4.3.2 CaSO4 precipitationviaphotochemical degradation of antiscalants.

Batch experiments of photochemical antiscalant degradation were conducted in 10-
mL quartz tubes under the irradiation of a 450-W UV immersion lamp (Ace Glass, Inc.).
The lamp emitted photons with wavelengths ranging between 200 and 850 nm and has a
UV intensity of 42 mW/cm?. All quartz tubes were placed in a carousel that rotated around
the UV lamp. The dosage of all the antiscalants ranged from 0 to 15 mg P/L. The pH of the

solutions was adjusted to 7.8 by adding concentrated sodium hydroxide or perchloric acid.

For UV-precipitation experiment with CaSQOa¢), stock solutions of 500 mM
Ca(OH)2, 800 mM NazS04, 10 mM H,02, 10 mM NazS,0s, 1 mM stock of each NTMP,
EDTMP and DTPMP, and 3 M NaClO4 were prepared and adjusted to pH 7.8 with droplets
of 2 M NaOH and 2 M HCIO.. This pH level is typical of brackish water desalination

brine.2+3 All the stock solutions were filtered through a 0.22-pum Millipore syringe filter
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prior to adding them before the start of the experiment. Turbidity of each stock solution
was measured using a HACH 2100N turbidimeter. Initial ionic strength of the mixing
solution was fixed at 1 M by adding targeted amount of NaClO4.The solution chemical
matrix for the precipitation experiments was selected based on the chemical composition
of the brackish RO concentrate. A synthetic concentrate allowed us to precisely control
and vary the saturation indices of different calcium minerals. Chemical structures of the
antiscalantsare as shown in Fig. S2.1.
4.3.3 Steady state concentration measurement
To determine the steady-state radical concentrations generated during persulfate
photolysis, 5 uM nitrobenzene (NB), 5 uM benzoic acid (BA), 5 uM 4-chlorobenzoic acid
(or para chlorobenzoicacid PCBA) and 5 uM of N,N Dimethylaniline (DMA) were added
as probe compounds. Prior to the experiment, the pH of the reaction solution was adjusted
to atarget value between 6 and 9 by adding HCIO, or NaOH, and chloride and bicarbonate
levels were controlled between 0 to 20 mM. The prepared reaction solution was transferred
to quartz reaction tubes and placed in a carousel UV reactor (ACE Glass Inc.) equipped
with a medium pressure UV mercury lamp (A=200-800 nm, 42 mW/cm?). The experiments
were conducted at 22+1° C. At predetermined time intervals, sacrificial tubes were
withdrawn from the reactor for chemical analysis.
Priorto the analysisof NTMP, EDTMP, DTPMP and probe compounds, the residual
persulfate in the sample was quickly quenched with excess sodium sulfite. The antiscalant
concentration were determined by ion chromatography (Dionex ICS-5000) with optimized

gradient elution (analytical details in Text S4.1); NB, PCBA, BA and DMA were
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determined using a liquid chromatography (Agilent 1200) equipped with an Agilent
Eclipse XDB-C18 column and a UV-Diode Array Detector (analytical details in Text
S4.2). The concentration of orthophosphate was measured by analysis of phosphate using
the standard molybdate blue spectrophotometric method.2#4 The mineral phase of

precipitated solid was analyzed and confirmed by X-ray diffraction (XRD).
4.4 Results and Discussions

4.4.1 Effects of solution pH

To investigate the effect of pH on the calcium sulfate precipitation induced by
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g B Precipitation rate
E constant
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antiscalant degradation, several precipitation experiments were carried out at pH 6.0, 7.0,

Figure 4. 1 Effect of pH on the induction time and precipitation rate constant of calcium
sulfate in UV/persulfate system. [S20s%]o = 3.8 mM; [Ca?*] = 37 mM; [SO4*] = 564 mM;
pH = 6.0-9.0; medium pressure UV lamp.
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7.8and 9.0. Since, the speciation of calcium or sulfate doesn’tsignificantly change between
this pH, the ionic activity of these ions shouldn’t change in this range of pH. pKa of
DTPMP on the other hand as a multiproticacid are 1.52, 2.64, 3.10, 3.82, 5.38, 6.28, 7.07,
7.74,9.36 and 11.12245 Thus, with a change in the pH, it’s speciation can change which can
change the radical distributionand hence the degradation Kinetics. Experimental results
however, showed that the change of pH had no impact either on the degradation kinetics
of DTPMP or the induction time of precipitation of calcium sulfate. The induction time
slightly increased from 10.5 minutes at pH 6.0 to about 11.5 minutes at pH 9.0 (Figure 4.1,
Figure S4.1) Thus, change of pH did not have any substantial effect on the photochemical
demineralization of calcium sulfate. This is consistent with another study where the results
showed that pH had little impact on the reactivity of SO4«— / HO- with NTMP despite the
speciation change of NTMP (Kpo-ntve = 9.9 x 107 - 1.1x 108 M st; ksoge..ntvip = 2.4 -
3.5 x 10" M 5)?28, The contribution of SO, and HO" to DTPMP degradation at different
pHs was calculated, as shown in Figure S4.2. As expected, the calculated pseudo first order
rates of DTPMP degradation (calculated sulfate radical contribution plus calculated
hydroxyl radical contribution) were nearly identical to the directly observed pseudo first-
order rates of DTPMP degradation (kobs-DTPMP), indicating DTPMP degradation is

attributed to reactions with SO,"~ and HO".

4.4.2 Effectof chloride
To investigate the effect of chloride on the calcium sulfate precipitation induced by
antiscalant degradation, several precipitation experiments were carried out at varying

chloride levels ranging from 0 mM to 20 mM. Presence of chloride is known to interfere
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with the radical steady state distributionas chloride is known to react with the primary
radicals, SO, and HO® formed in the UV/persulfate system. This leads to formation of

different chloride radicals called as reactive chlorine species (RCS) shown as below:

S0;~ + Cl- - S02~ + CI* (4.1)

In presence of excess chloride, CI* further reacts with CI- to form chlorine dimer as

shown in the reaction below:

Cl*+ ClI- > Cly” (4.2)

In order to calculate the reaction rate constants of DTPMP reacting with HO", the
concentration of HO" radical ([HO']ss) was first determined (Text S4.1). To quantify the
contribution of SO4"~ or HO® to DTPMP degradation in UV/persulfate, their steady-state
concentrations and intrinsic second-order reaction rate constants with DTPMP were
determined based on competition reaction kinetics (Text S4). Nitrobenzene, benzoic acid
and p-chlorobenzoic acid were used to probe the steady-state concentrations of SO4", CI*

and HO’

Addition of chloride was first tested on a controlled system where the precipitation
of calcium sulfate was first with tested UV/persulfate in absence of any antiscalant (Figure
S4.2). The induction time for calcium precipitation was not affected by presence of chloride
in absence of any antiscalant. This is consistent with the fact that in presence of chloride,

most of the calcium is still present as free calcium ion. Hence the presence of chloride
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doesn’t change the saturation index in the system. Figure 4.2 shows the change in induction

time of in presence of DTPMP.

Addition of When DTPMP is added to the same system, chloride reacts with the
free radicals such as SO, and HO* produced during the UV/persulfate oxidation of
antiscalant as shown in the reactions 4.1. Thus, chloride acts as scavenger for the parent
radicals and forms daughter free reactive radicals which are less reactive with the
antiscalant. Similar to the procedure in Figure 4.3, the contribution of SO,~, HO® and CI’

to DTPMP degradation at different chloride level was calculated, as shown in text S4.1.
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Figure 4.2 Effect of chloride dosage on the induction time of calcium sulfate in
UV/persulfate system. [DTPMP]o = 3 mg P/L; [S20g]?0 = 3.8 mM; [Ca?*] = 37 mM;
[SO,%] = 564 mM; pH = 7.8; medium pressure UV lamp
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Figure 4.3 shows the contribution of each radical to the degradation rate constant
of DTPMP in presence of chloride. With an increase in chloride dose from 0to 1 mM, the
contribution of sulfate radical significantly drops. This phenomenon is seen due to the
scavenging of sulfate radicals by chloride ions. The radical steady state concentration of
chlorine dimer is of the same order of magnitude as hydroxyl radical. However, the second
order rate constant of chlorine dimer with DTPMP is kcp..otemp = 1.70 % 10%; Ksos.—-pTPmP
=5.11 x 106 M? s-1; Kpo-—pteme = 1.16 x 107 M s) This significantly decreases the

overall contribution of chlorine dimer towards the radical DTPMP degradation.
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Figure 4. 3 Effect of chloride on DTPMP degradation. Experimental condition: [oxidant]o =

2.0 mM; pH = 7.8; [DTPMP]o = 3 mg P/L; [Ca?"] = 37 mM; [SO,*] = 564 mM; pH = 7.8;
medium pressure UV lamp
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Further, the effect of chloride was tested for NTMP and EDTMP as well (Figure
S4.3). As expected, the addition of chloride increased the induction time for the gypsum

precipitation.

4.4.3 Effect of dissolved organic matters

Dissolved organic matter (DOM) is commonly present in natural waters. It can
absorb light, produce reactive intermediates, scavenge radical species (e.g., SO4™, HO"),
and potentially impact the photochemical demineralization process. Suwannee river natural
organic matter (SRNOM, 2R101N) was used as the model compound to investigate the

impact of DOM. Induction time for calcium sulfate precipitation increased with increasing
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Figure 4. 4 Impact of dissolved organic matter (DOM) on photochemical demineralization of
calcium sulfate. Experimental condition: [persulfate]o =2.0 mM; pH = 7.8; [antiscalant]o= 3
mg P/L; [Ca?*] = 37 mM; [SO4*] = 564 mM; pH = 7.8; medium pressure UV lamp
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DOM concentration for all the antiscalants. DOM impacted the demineralization process
mainly because of its light-shading effect. To quantify the impact of DOM on
demineralization process, OH-scavenging, SO4~ scavenging and light-shading effects of
DOM were considered. The degradation of antiscalant was also inhibited due to the
presence of DOM. At lower DOM concentrations from 0.5 to 2 mg C/L, the impact of
DOM is not very significantas the increase in the induction time for all the antiscalantsis
less than 9%. However, at higher DOM concentration ranging from 2 mg C/L to 10 mg
C/L, there was a considerable increase in the induction time. This effect was particularly
visible for DTPMP as the induction time increased from 10.3 minutesto 22.6 minutes. An
increase of dissolved organic matter significantly increased the induction period for all the
antiscalants (Figure 4.4, Figure S4.4, Figure S4.5 and Figure S4.6). The DOM, however,
do not act as a scavenger for the radicals instead, it competes with the persulfate for the
photon consumption. High concentrations of DOM shielded light from persulfate. The rate
constants for the reaction of DOM with the hydroxyl radicals is around 5 times higher
compared to that with sulfate radicals.246,247 Thus, if the DOM were to act as a scavenger
for the radicals, it would have disproportionately changed the radical steady state
concentration of hydroxyl and sulfate radicals. This is contrary to the observed ratio of the

steady state concentrations of these radicals (Figure S4.7).

4.4.4 Effect of UV irradiationtime on induction time
Advanced oxidation processes are widely recognized as highly efficient for
recalcitrant wastewater treatment.248:249 These processes involve the generation of the free

radicals (HO-, SO4™, etc) which has a very high oxidation potential and is able to oxidize
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almost all pollutant organic compounds. Unfortunately, these processes can be expensive
as they are energy intensive due to the application of ultraviolet irradiation. Figure 3.4
shows that for most of the conditions, gypsum precipitation was seen even when all the
antiscalant was not consumed. This is an important development considering that we need
not achieve a complete oxidation of antiscalant in order to achieve precipitation. Thus, in
this study we evaluated the prospect of partial irradiation of antiscalant to the UV to
understand the precipitation behavior of gypsum with incomplete oxidation of the
antiscalant. In order to evaluate the application of this process, the effectiveness of
UV/persulfate based AOP as a treatment for demineralization of reverse osmosis
desalination concentrate has been studied in this research.

Several demineralization experiments of calcium sulfate in presence of UV/persulfate were
conducted with partial irradiation of UV. Based on the observed induction time for
complete irradiation experiments which were in the range of 5 to 20 minutes, the range of
irradiation time chosen for these set of experiments were 0, 2, 3, 4, 5, 8, 10 and 30 minutes.
Each experiment was conducted in a sacrificial quartz tube as a batch reactor. With an
initial antiscalant concentration of 3 mg P/L as DTPMP, shorter UV irradiation time
showed relatively smaller degradation of antiscalant compared to a linger UV irradiation
(Figure 4.5). For example, with 2 minutes of UV irradiation around 43% of DTPMP
degradation was obtained. Only 10 minutes of UV irradiation were required to achieve
83% DTPMP degradation. Control experiments performed without any UV exposure

showed no antiscalant degradation within the 30 minutes of the experiment time.
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Figure 4. 5 DTPMP degradation at different UV irradiation time with [S;0s?] and 3 mg
P/L DTPMP; values in the legend indicates the UV irradiation time; pH = 7.8; ionic
strength=1M

With an initial calcium concentration of 37 mM, nearly 75% of calcium removal was
obtained irrespective of the UV irradiation time (Figure 4.5). However, the time taken to
achieve this extent of degradationwas different for different UV irradiationtimes. Similar
results were observed for NTMP as well as EDTMP experiments (Figures S4.4 and Figure

S4.5). In general, the induction time decreased with increasing UV irradiation time (Figure

4.6B)
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UV irradiation time for each antiscalant. Experimental conditions: [antiscalant]o= 3
mg P/L;pH =7.8; ionic strength=1 M

75



4.5 Acknowledgements

This research was partially supported by grants to H.L. from the National Science
Foundation (Grant #1611306) and to T.J. from the National Water Research Institute
Fellowship. We also thank the assistance of Sheila Cervantes from University of California

Riverside.

76



Chapter 5

Conclusions and Broader Impacts
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The primary objective of this research was to develop a treatment process to treat a
brackish RO concentrate, with the goals of reducing concentrate volume and increasing
overall recovery of RO system. The concentrate treatment process consisted of three stages:
antiscalant oxidation, salt precipitation, and solid/liquid separation. Three different
phosphonate antiscalant compounds were tested. The antiscalants were chosen for their
ability to reduce or eliminate calcium precipitation (as calcium carbonate, calcium sulfate
and calcium phosphate). Two advanced oxidation processes were investigated as the
oxidation system, and key parameters that affect antiscalant oxidation were identified and
evaluated. Small doses of oxidants prior to precipitation allowed antiscalant deactivation
and largely prevented the antiscalant from impacting the precipitation and separation steps.
While results indicated that not all of the antiscalant molecules were completely oxidized,
an evaluation of the precipitation and separation stages indicated that the partial oxidation
products did not act in the same manner as whole antiscalant molecules.

Research in the area of concentrate treatment and volume reduction has received
increased interest as reverse osmosis desalination becomes a more widespread technology
and as more inland communities face water shortages. Current research ranges from basic
experimental research to large-scale pilot system studies, and a common concern is the
effects of specific concentrate constituents, such as antiscalants, concentrate pH, chloride
levels, and NOM, on a concentrate treatment process. Most concentrate treatment
processes use a controlled precipitation step to remove scaling salts. Hence, this research

focuses on a relevant and critical aspect of RO concentrate treatment.
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While the broad objective of the study was to develop an overall concentrate
treatment process, the experiments resulted in a more detailed understanding of antiscalant
oxidation and the effects of antiscalants on precipitation of scaling constituents. The results
of this study provide a greater understanding of antiscalant chemistry within the framework
of an applicable brackish RO concentrate treatment scheme.

Furthermore, phosphonate compounds are used not only as antiscalants for RO
desalination, but as dispersion and scale inhibitor chemicals in many industrial and research
applications. The oxidation results from this research provide insight into oxidation
pathways, the influence of various cations (including calcium) on antiscalant chemistry,
and the effects of operational parameters on phosphonate oxidation. Calcium is a
ubiquitous component of natural waters and thus is the majorion involved in most scaling
problems or precipitation events. Hence, the results of this research could allow advances
not only in RO desalination but in other unrelated fields.

The study performed in this research suggested that, in addition to antiscalant, the
presence of NOM, in large amounts, affects RO concentrate treatment. This result could
be critical because depending on the geography and other aspects some brackish waters
can have high NOM, and the NOM becomes concentrated in the RO concentrate. While a
more detailed study of antiscalantand NOM interactions is necessary, it is clear that NOM

plays an importantrole in precipitation-based RO concentrate treatment.
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Figure S2. 1 The negligible effect of tris(hydroxymethyl)aminomethane (TRIS) pH buffer
concentration on the precipitation of Cas(PO4)30OHs) in presence of antiscalant EDTMP.
Results showed that the presence of different TRIS buffer concentrations did not affect the
precipitation kinetics. [Ca?*]= 10 mM; [PO4*"] = 31 mg P/L; pH = 7.8; [EDTMP] = 3 uM;

ionic strength= 100 mM.

81



Text S2.1 Kinetics modeling of the precipitation of calcium solids

The backbone of the model is the Michaelis-Menten equation that gives the relationship
between the turbidity of the precipitation and the time of the precipitation reaction (Eqn.
S2.1):

t

= tna R
m

(S2.1)

Where, T is the turbidity of the precipitation (NTU) at time t (seconds), Tmax is the
maximum turbidity of the precipitation reaction (NTU) and Ky, is the Michaelis-Menten

half-velocity constant (seconds).

Figure S2.3A shows the experimental data for the precipitation of hydroxyapatite in
absence of antiscalant with time. The Michaelis-Menten type of model as described in
equation S1.1 above is fit for the rapid-precipitation stage of the reaction. The constant,
Tmax/Km gives the rate constant of the precipitation (NTU/second). This kinetic model fits
the precipitation of all calcium solids very well. Figure S2.3B shows a typically data fitting

on the precipitation of hydroxyapatite with different NTMP and phosphate dosages.
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Figure S2.2 (A) Kinetic modeling on the precipitation of Cas(PO4)3sOH). [Ca?*] = 10 mM;
[PO,3] = 22 mg P/L; [NTMP] = 0 uM; pH = 7.8; saturation index = 14.46; [TRIS buffer]
= 20 mM; ionic strength = 100 mM. (B) Michaelis-Menten model fitting for precipitation

of Cas(PO4)30OHgs) at different saturation indices in the presence of varying dosages of
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NTMP. [Ca?*] = 10 mM; [PO,*] = 20-32 mg P/L; [NTMP] = 0- 6 uM; pH = 7.8; [TRIS

buffer] = 20 mM; ionic strength =100 mM.
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Text S2.2 Calculations on calcium complexation with different antiscalants

Mass balance for total calcium gives the equation below:
TOTCa = {Ca**}+ +{CaHLY" + {CaH,L}*" +{CaHsL}" + -+ {CaH;L}™* (g5
+ {CaOH}* )
Where TOTCa is the total dissolved calcium concentration, and L is the Ligand

(NTMP in the above case, which has a negative six charges for its most

deprotonated species L).

_ {CaHi,L} (S2.3)
— {Ca?*}{H} DL}

Bi

The speciation equilibrium for CaOH*, which has a pK, of 12.7 (Visual

MINTEQ) is calculated as below:

10—12.7
{H*}

{CaOH™*} = {Ca?**} (S2.4)

In addition, calcium-antiscalant complexes for NTMP, EDTMP and DTPMP are listed in

Table S2.1.

2+ Cal*~ CaHIL3~ CaH,L*~ CaHzL~
TOTCa= {Ca**} |1+ a2 + a2+ + Caz+ +{ Ca+ }

CaH,L) (CaOH*
+ { Ca?t }+ Ca?t

(S2.5)
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T0TCa = (Cat*}(1+ By (L} + BolH*HLY + BalH (L} + BulH(L)

+14 K

) (S2.6)

Lot (14 By 11+ BlH™YLb+ Bl P+ U PR+ AU + ) =B

T
1
Qe+ = 3 (S2.7)
Aoqra- = ﬁlB{L} (52.8)
o = PN 29)
Ccan it = %}Z{L} (S2.10)
a1 = %}3{” (S2.11)
o = %}‘}{L} (52.12)
K
(S2.13)

Acaont = m
Where, acqz+, Qcqra- Aeaniz- Acanyi2- Acatisi—r Acan,r AN Aeqop+ 1 the fraction of
total dissolved calcium existing as Ca?*, Cal*~, CaHL?*~, CaH,L?>~, CaH;L~, CaH,L and

CaOH™, respectively.
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The fraction of total dissolved calcium existing as Ca?* as a function of solution pH is

plotted in Figure S2.4.
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Table S2.1 Calcium-antiscalant complexes and their stability constants.

# Calcium ligand complexes with NTMP Logp; @
(1) Ca?t + L5 o Cal* 7.6
(2 Ca?*+ H* + L% o CaHL?*" 16.6
3 Ca’t + 2H* + L°~ & CaH,L*~ 22.9
(4) Ca?*t 4+ 3H* 4+ L[5~ o CaH,L~ 28
(5) Ca’*+ 4H* + L% o CaH,L 32.1
Calcium ligand complexes with EDTMP Logpi ®
(6) Ca*t + L°~ o Cal*~ 9.29
(7) Ca’?*+ H*+ L o CaHL3~ 18.74
(8) Ca?* + 2H* + L5~ o CaH,L*~ 26.98
(9) Ca?*t 4+ 3H* 4+ L6~ o CaHsL~ 33.72
(10) Ca’*+ 4H* + L% o CaH,L 39.21
Calcium ligand complexes with DTPMP LogK ¢
(11) Ca?* + H,I18~ & CaH,L®" 5.04
(12) Ca’*t + H;L”~ o CaHsL>~ 441
(13) Ca’* + H,L°~ o CaH,L* 3.78
(14) Ca’*t + H:I>~ o CaHsL? 35
(15) Ca?t + HL*~ o CaHgl*™ 2.52
(16) Ca’* + H,I3 o CaH,L” 1.89
(17) Ca?* + Hgl?~ & CaHgl 1.26
(18) Ca’t 4+ Hol* & CaHoLt 0.63
Calcium hydroxy complex LogK ©
(19) Ca** + H,0 & CaOH* + H* -12.697

2 Taken from reference (20), ® Taken from reference (25), ¢ Taken from reference (252).
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Figure S2.3 The impact of pH on the fraction of total dissolved calcium existing as free

calcium in the presence of each antiscalant.

89

pH

14



Text S2.3 Calculations for net charge of different antiscalants at different pH
Mass balance on the speciation of an antiscalant gives the equation below:

TOTL = 16~ + {HL}>™ + {H,L}*™ + {H3L}3~ + -+ {H; L} (-0~ (S2.14)
where L% is the most deprotonated form of NTMP. TOTL is defined as the sum of the
concentration of all the species in the solution that contain an antiscalant, n is the charge
of the most deprotonated species and i varies from 0 to n.

Speciation constants for NTMP, EDTMP and DTPMP are shown in Table S2 below.

Table S2.2 Protonation constants of NTMP, EDTMP and DTPMP

# NTMP pKa ¢

(1) HsL™ + HY o Hgl 0.30
(2) H, >+ H" o HL~ 1.50
(3) H3I3~ + H* & H,L* 4.64
4) H,L*” + H* o H,L?~ 5.86
(5) HL*~ + HY & H,L* 7.30
(6) L~ + HY o HL> 12.10
EDTMP pKa ©

(7) HL-+ HY & H,L 1.30
(8) Hol?>~ + HY o HgL™ 2.96
9) H,3 " + HY o Hl* 5.12
(10) Hil* + HY o H, L3~ 6.40
(11) H,L5~ + HY & H,L* 7.87
(12) HL*~ + HY & H,L>~ 7.85
(13) '+ H* o HL* 13.01
DTPMP pKaf

(14) HoL-+ HY © Hy,L 1.04
(15) Hgl?>~ + HY & HoL™ 2.08
(16) H,L3~ + HY o Hgl?*~ 3.11
(17) Hgl* + HY o H, L3~ 4.15
(18) H:l5~ + HY o HgLl*~ 5.19
(19) H,L®~ + H* & HL* 6.23
(20) Hyl” + HY o H, L% 7.23
(21) H,I8 + H* & HyL’~ 8.30
(22) HI°~ + HY o H,L% 11.18
(23) [ + HY & HI?~ 12.58
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dTaken from literature (23), ¢ Taken from literature (251),f Taken from literature (24)

{Hn—i+1 L}l_i >
{H+}{Hn—i L}_i

pKa; = —log ( (S2.15)

where L is the most deprotonated form of the ligand (NTMP, EDTMP or DTPMP), n is
the charge of the most deprotonated form of the ligand (n = 6, 8 and 10 for NTMP,
EDTMP and DTPMP, respectively) and i varies from O to n.
{H*Y" T 2o Kaj

i= S2.16
S T Ty Kap) (52.10)

Where «i is defined as the fractionof TOTL thatis ina form that has lost i protons, n is
the number of protons in the most protonated state, Kso = 1.0. Thus, for NTMP, the value
of a for the species HeL is defined as:

B {H+}6
{H+}6 + {H+}5Ka1 + {H+}4Ka1Ka2 + et KalKazKasKa4Ka5Ka6

o4

(S2.17)

Using the pK; values from Table S2 and equation (15), (16) and (17) the fraction of each
species is calculated at different pHs. Accordingly, the net charge of each antiscalant
moleculeis calculated by using the equation below:

i=n

molecular charge per mole = z Q;z; (S2.18)

i=0
Where z; is the charge of species that has lost i protons, n is the number of protons in the

most protonated species.
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Figure S2.4 The impact of pH on the charge of each antiscalant. The charge is normalized
to the molar concentration of the antiscalant and shown as the ratio of charge to molar

concentration of antiscalant in the y-axis.

92



20

S
E
©
)
c
)
(o]
o
8
[
N
&w/o DTPMP
30 +
-A-w/ DTPMP
-40 : : : |
2 4 6 8 10 12
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Figure S2.6 The effect of EDTMP dosage on the extension of induction time for CaSO4(s)
and CaCO3(s) precipitation. Experimental conditions: (A) [Ca?*] = 37-58 mM; [SO4?] =
564 mM; ionic strength= 1 M pH = 7.8. (B) [Ca?*] = 10 mM; [COs?] = 10-30 mg COs/L;
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Figure S2.8 Impact of saturation index of CaCO3(s) and CaSO4(s) on activation energy
of nucleation at varying EDTMP dose. (A) [Ca?*] = 10 mM; [CO3%] = 10 mM; pH = 7.8;
ionic strength =100 mM; [TRIS buffer] =50 mM. (B) [Ca?*] = 37 mM; [SO4*] = 564 mM;
ionic strength= 100 mM; pH = 7.8.
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Figure S2.9 Impact of saturation index of CaCO3(s) and CaSO4(s) on critical radius of
nucleationat varying EDTMP dose. A: Experimental conditions for CaCOs): [Ca?*] = 10
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Figure S3. 1 Spectra of the 450-W UV immersion lamp used for
photochemical antiscalant oxidation experiments.
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Figure S3. 2 Nitrobenzene probe analysis for hydroxyl radical steady state measurement.
Nitrobenzene =5 uM; NTMP= 2 mM; H,0,= 3.8 mM pH= 7.8
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Figure S3. 3 Benzoic acid probe analysis for sulfate and hydroxyl radical steady state
measurement. Benzoic acid = 5uM; NTMP= 2 mM; [S,0g%] = 2 mM pH= 7.8
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Figure S3. 4 Kinetic modeling on the precipitation of gypsum in presence and absence of
DTPMP; [S;08]%0 = 3.8 mM; [Ca?*] = 37 mM; [SO4*] = 564 mM; pH = 7.8; medium
pressure UV lamp
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Text S3.1 Optimization of antiscalant oxidation parameters

Hydrogen peroxide and NTMP were used as the model oxidant and antiscalant respectively
to optimize the oxidative degradation of antiscalant. VVarying experiments were conducted
to have different molar ratios of oxidant to the antiscalant. Figure S3.2 shows the impact
of NTMP:Hydrogen peroxide on the degradation rate constant of NTMP. It can be seen
that as the molar ratio increased from 5 to 40, the degradation rate constant increases and
on further increasing the oxidant dosage, the degradation rate constant decreases. This
phenomenon is due to the scavenging of hydroxyl radical by hydrogen peroxide.25 Thus a
molar ratio of 1:40 as NTMP : Hydrogen peroxide is the optimum ratio for the degradation
of NTMP. At this condition, the oxidant concentration was 3.8 mM and an antiscalant
concentration of 3 mg P/L. Thus for all the other conditions, an oxidant dosage of 3.8 mM
was chosen while the antiscalant concentration was varied from 3 mg P/L to 15 mg P/L.
To compare the degradation efficiency of hydrogen peroxide and persulfate, experiments

were carried out at equimolar concentrations.
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pH = 7.8; medium pressure UV lamp
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Table S3.1 Radical steady state concentration in UV/persulfate and UV/H,0, system
during the oxidation of DTPMP

UV/persulfate UV/H20;
[HO¢]ss [M] 4.07x1010 5.58x1010
[804._]35 [M] 6.32x1010 0
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Text S4.1 Probe method to determine steady state concentration of radicals

Nitrobenzene, benzoic acid p-chlorobenzoic acid and N,N-dimethylaniline were utilized to
probe the steady state concentration of HO®, SO4 *, reactive chlorine species and CO3"
radicals. Control experiments were performed for each probe compounds and was
accounted for when calculating the decay rate of each probe. Nitrobenzene exclusively
reacts with HO", therefore is the best probe for HO". First, the experimentally observed
pseudo first order decay rate of nitrobenzene (kops) Was obtained and [HO]ss was calculated

based on Equation S4.1

d[NB]
dt

= kOH-,NB[OH']ss[NB]t = Kops—ng[NB]: (84-1)

[OH']ss = kobs—NB/kOH-,NB (54-2)

[NB]: is the concentration of nitrobenzene at a given reaction time t; [NB]o is the initial
concentration of nitrobenzene (5 uM); kon.ns 1S the second-order rate constant between
HO" and NB, which is known as 4.7x10° Ms . kepsng iS the experimentally obtained

pseudo first-order decay rate of NB.

Similarly, the steady-state concentration of SO4"~ ([SO4""]ss) was calculated using benzoic
acid (BA) as the probe. The pseudo first-order decay rate of BA (kons-ng) Was obtained

based on experimental measurements. [SO4"]ss was calculated as below:
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—7 = kOH.,BA[OH.]ss [BA]t + kSO4-,BA [SOJ-_]SS[BA]t
(54.3)

= kops-pa[BA]:
[SO;71ss = (kobs-Ba — KorealOH ss)/Ksoae5a (S4.4)

[BA]: is the concentration of benzoic acid at a given reaction time t; [BA]o is the initial
concentration of benzoic acid (5 uM); kou.sa IS the second-order rate constant between
HO" and BA, which is known as 4.2x10° M's; ksos.a i the second-order rate constant
between SO,"~ and BA, which is known as 1.2x10° Ms ; kos-8a is the experimentally

obtained pseudo first-order decay rate of BA.

In presence of chloride, following equations were simultaneously solved to calculate the

steady state concentrations of the radicals:

d[BA]
T kon.galOH1s5[BAl: + kspa.palS0; 1ss[BA;
(S4.5)

+ kCl-,BA [Cl.]ss [BA]t

d[PCBA] . .—
—————= kon.pcpalOH"]ss[PCBA] + ksos.pcpalSOs~15s[PCBA];

dt (54.6)
+ ke pepalCllss[PCBA],

[PCBA]: is the concentration of p-chlorobenzoic acid at a given reaction time t; [PCBA]o
Is the initial concentration of p-chlorobenzoicacid (5 uM); kci. sa 1S the second-order rate

constant between ClI*and BA, which is known as 1.8x10° M-1s™: kc. pcea  is the second-
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order rate constant between CI* and PCBA, which is known as 1.2x10° Ms *1: kops-pcea iS

the experimentally obtained pseudo first-order decay rate of PCBA.

In a similar fashion, N,N Dimethyl aniline (DMA) was added as a probe instead of PCBA

in the bicarbonate system.

Thus,
d[BA] . -—
— dt = kOHo,BA[OH ]ss[BA]t+ kSO4t,BA[SO4 ]ss[BA]t
(54.5)
+ Kcoze—alCO371ss[BA];
d[DMA]

T a konepmalOH 15 [DMA], + ksosepmalSO:™1ss[DMA],
t (54.6)

+ ke pualCO3 15s[DMA],
[DMA]: is the concentration of N,N Dimethyl aniline (DMA) at a given reaction time t;
[DMA]o is the initial concentration of N,N Dimethyl aniline (DMA) (5 uM); Kon.pma 1S
the second-order rate constant between OH" and DMA, which is known as 1.8x10%° M1s-
- kcos-pma IS the second-order rate constant between COs~ and DMA, which is known

as 1.2x10° M1s -1 26 k,po pva is the experimentally obtained pseudo first-order decay rate

of DMA.
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Figure S4. 1 Effect of pH on the dissolved calcium release at different initial initial pH;
[DTPMP]o = 15 mg P/L; [S20s]%0= 3.8 mM; [Ca?*] = 37 mM; [SO4*] = 564 mM; pH =
7.8; medium pressure UV lamp
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Figure S4. 2 Effect of chloride dosage on the induction time of calcium sulfate in

UV/persulfate system. [DTPMP]o = 0 mg P/L; [S20s]?0 = 3.8 mM; [Ca?*] = 37 mM; [SO4*]
=564 mM; pH = 7.8; medium pressure UV lamp
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Figure S4. 3 Effect of chloride dosage on the induction time of calcium sulfate in
UV/persulfate system. [antiscalant]o= 0 mg P/L; [S20s]%0 = 3.8 mM; [Ca?*] = 37 mM;
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Figure S4. 4 Impact of dissolved organic matter (DOM) on photochemical
demineralization of calcium sulfate in presence of DTPMP. Experimental condition:
[persulfate]o=2.0 mM; pH = 7.8; [DTPMP]o = 3 mg P/L; [Ca?'] = 37 mM; [SO4*] = 564
mM; pH = 7.8; medium pressure UV lamp
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Impact of dissolved organic matter (DOM) on photochemical
demineralization of calcium sulfate in presence of EDTMP. Experimental condition:
[persulfate]o=2.0 mM; pH = 7.8; [EDTMP]o = 3 mg P/L; [Ca?*] = 37 mM; [SO4*] = 564
mM; pH = 7.8; medium pressure UV lamp
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Figure S4. 6 Impact of dissolved organic matter (DOM) on photochemical demineralization
of calcium sulfate in presence of NDTMP. Experimental condition: [persulfate]o =2.0 mM;

pH = 7.8; [NTMP]o = 3 mg P/L; [Ca?'] = 37 mM; [SO4*] = 564 mM; pH = 7.8; medium
pressure UV lamp
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Figure S4. 7 Effect of NOM on the ratio of contribution of sulfate radical and hydroxyl
radical on DTPMP degradation. Experimental condition: [persulfate]o =2.0 mM; pH = 7.8;
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M

121



40 + A UV irradiation time

——10
--3

A5

X-3

A2

Dissolved [CaZ*] (mM)

-0

0 10 20 30 40
Time (UVirradiation + idletime)
(minutes)

40 + B

UV irradiation time

Dissolved [Ca?*] (mM)

0 1 1 1
0 10 20 30 40
Time (UVirradiation + idletime)
(minutes)

Figure S4. 9 Dissolved calcium release at different UV irradiation times; values in the
legend indicates the UV irradiation time. Experimental conditions: [antiscalant]o =3 mg
P/L;pH =7.8; ionic strength=1M
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