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ABSTRACT OF THE DISSERTATION

Treatment and Resource Recovery of Brackish Desalination Brine: Antiscalant
Chemistry, a Southern California Case Study, and UV Persulfate Treatment Train to
Remove Hardness lons

by

Xinyu Tang

Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering
University of California, Riverside, December 2024
Dr. Haizhou Liu, Chairperson

This dissertation addresses key challenges in brine management from inland desalination
and the reuse of agricultural drainage water, both critical for sustainable water resource
management in arid regions. While the first three studies focus on managing and treating
brine from inland desalination, the fourth explores gypsum scaling mitigation in reverse
osmosis (RO) desalination of agricultural drainage water, broadening the application of
these findings.

The first study investigates a 116-km brine pipeline in Southern California, where brine
chemistry and solid precipitation lead to scaling, impacting pipeline efficiency. Results
highlight the need for enhanced brine pretreatment and operational optimization to
mitigate scaling. The second study introduces an ultraviolet-driven persulfate oxidation
(UV/PS) method to degrade antiscalants, which facilitates efficient calcium removal
through subsequent chemical demineralization, demonstrating an innovative approach to

brine treatment. The third study extends this approach by combining UV/PS, chemical
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demineralization, microfiltration, and secondary RO, resulting in over 75% freshwater
recovery in the secondary membrane desalination and significant mineral recovery,
showcasing the potential for sustainable inland brine management.

The fourth study shifts focus on the desalination of high-salinity agricultural drainage
water, where gypsum scaling due to calcium and sulfate poses a severe challenge. This
study evaluates the effectiveness of three antiscalants (DTPMP, NTMP, and PAA) under
varied pH conditions to prevent gypsum scaling during RO. Findings reveal distinct
mechanisms for each antiscalant, with DTPMP providing the most effective inhibition.
These insights offer targeted strategies to improve RO efficiency and facilitate the reuse
of agricultural drainage water.

Collectively, this dissertation presents an integrated approach to inland brine
management, resource recovery, and agricultural water reuse. The findings contribute
practical, scalable solutions for enhancing water treatment infrastructure in water-scarce
regions and offer foundational insights for future advancements in sustainable

desalination processes.
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Chapter 1

Introduction



Inland Brackish Water Desalination Brine Management Overview

Water scarcity is one of the most urgent challenges of the 21st century, impacting regions
globally and threatening sustainable development in urban, industrial, and agricultural
sectors.’ The demand for water has continued to rise due to population growth,
urbanization, and climate change, particularly in arid and semi-arid regions where
freshwater resources are limited. In these areas, desalination has emerged as a practical
approach to augment freshwater supplies by treating brackish groundwater.*® Inland
brackish water desalination, primarily through reverse osmosis (RO), enables the
conversion of saline groundwater into potable water and is increasingly adopted to
support municipal and industrial water demands.

However, desalination has its own environmental and operational challenges, particularly
the production of highly saline brine, which is a concentrated byproduct containing
dissolved salts, minerals, and other contaminants.”® While coastal desalination plants
often discharge brine directly into the ocean, inland facilities do not have this option,
creating significant obstacles for brine disposal and management. Inland brine
management solutions must account for the environmental impacts of saline discharge on
soil and groundwater and the high operational costs associated with traditional disposal
methods.®*2 In recent years, research has intensified to find sustainable, cost-effective
methods for inland brackish water desalination brine disposal or reuse, thereby improving

the feasibility of inland brackish water desalination as a reliable freshwater source.



Brine Composition and Environmental Impact

Inland brackish water desalination brine is often enriched with scale-forming ions such as
calcium, magnesium, and silica, which result in a unique chemical profile that can
exacerbate environmental challenges when disposed of untreated brine.**** Inland
brackish water desalination brine typically has total dissolved solids (TDS)
concentrations ranging from 5,000 to 10,000 mg/L, depending on the composition of the
source water and specific desalination process parameters.'>® These high concentrations
of TDS make untreated brine potentially harmful to soil and groundwater quality if
improperly disposed of.

In addition to scale-forming ions, brine contains residual chemicals from the desalination
process itself, notably antiscalants. Phosphonate-based antiscalants are commonly added
to the feedwater in RO systems to prevent scale formation on membranes, helping
maintain operational efficiency and prolong membrane life.}"*® However, these
antiscalants become concentrated in the brine, which interferes with further treatment
processes and limits options for brine disposal or reuse.?° If released into the
environment, brine with high concentrations of antiscalants can inhibit the natural
precipitation of minerals, potentially leading to adverse ecological effects. The
combination of high salinity, scale-forming ions, and residual antiscalants poses a
formidable challenge for sustainable inland brackish water desalination brine

management.



Traditional Brine Disposal Methods and Limitations

Traditional disposal methods for inland brackish water desalination brine include deep
well injection, evaporation ponds, and land application.?*?* Each of these methods has
significant limitations, making them less ideal for large-scale inland brackish water
desalination facilities. Deep well injection involves injecting brine into deep, isolated
geological formations, but it carries risks of subsurface scaling, groundwater
contamination, and, in some cases, induced seismic activity. Additionally, the cost of
drilling and maintaining deep injection wells is high, making this option economically
infeasible in many regions.

Evaporation ponds are another conventional disposal method, where brine is stored in
large open basins and allowed to evaporate naturally. While this method is simple and
effective in arid regions with high evaporation rates, it requires large land areas and is
unsuitable in densely populated regions or areas with high land value.*®?* The
environmental risks associated with evaporation ponds include infiltration of salts and
contaminants into the soil and the potential for damage to local ecosystems due to the
high concentration of dissolved contaminants.

Land application, where brine is used for irrigation, is an alternative that has been
explored in agricultural settings. However, this method is limited by the tolerance of
specific crops to saline conditions and the long-term risk of soil degradation due to salt
accumulation. Repeated application of brine to agricultural land can lead to salinization,
reducing soil productivity and ultimately making the land unsuitable for crops. Given

these limitations, there is a growing need for advanced treatment technologies that reduce



brine volume, enhance resource recovery, and provide safe disposal options for inland
brackish water desalination facilities.

Inland Brine Line System in Southern California

In inland arid regions, brine from desalination plants can be discharged into a pipeline
infrastructure known as a brine line. This system transports brine over long distances via
gravity flow to a centralized treatment facility along the coast or main waterways, where
the brine is treated, and the volume is reduced before disposal.

In response to the need for brine disposal, a 116-km brine line infrastructure was
constructed to collect and transport 4.8>10* m® of brine per day from multiple inland
desalination facilities in Riverside and San Bernardino Counties, California, to a coastal
treatment plant in Orange County, California. This brine line benefits the inland region
by removing more than 450 tons of salt per day.?® However, the brine line historically
experienced severe scaling issues. The concentration of inorganic solids in the brine
increased from the entry point to the end point of the brine line, suggesting that solid
formation occurred in the pipeline infrastructure.?® One of the main challenges in
managing brine lines is scaling, where minerals precipitate and accumulate on the inner
pipe walls due to oversaturation. This scaling causes solid buildup and pipe clogging,
significantly increasing maintenance costs and reducing the infrastructure's lifespan. The
degree of mineral precipitation depends on factors such as brine oversaturation, flow
turbulence, and the presence of antiscalants. Therefore, it is urgent to understand what

affects solids formation and how to better manage brine pipeline infrastructure.



UV/Persulfate Oxidation and Chemical Demineralization for Brine Treatment
Advanced oxidation processes (AOPs) and chemical demineralization methods have
shown promise in addressing the unique challenges of inland brackish water desalination
brine. Among these, UV/persulfate photochemical treatment (UV/PS) has emerged as an
effective approach for degrading phosphonate-based antiscalants, one of the main
components that hinder further treatment of the brine.2%° In the UV/PS process,
persulfate ions are activated by UV light to produce sulfate radicals, which are highly
reactive and capable of breaking down organic compounds such as persistent antiscalants
and deactivating their precipitation inhibitive capacity.3!

Degradation of antiscalants through UV/PS oxidation facilitates subsequent treatment
steps, such as chemical demineralization (CDM), by allowing the precipitation of scale-
forming ions like calcium and magnesium, which are otherwise inhibited by the
antiscalants. Chemical demineralization, a process in which alkaline reagents are added
to precipitate dissolved ions, further softens the brine and reduces the risk of fouling in
downstream processes such as microfiltration (MF) and secondary RO.323* Integrating
UV/PS with CDM and MF forms a comprehensive treatment train capable of enhancing
freshwater recovery and enabling the recovery of valuable minerals from brine, making
inland brackish water desalination more sustainable and economically viable.
Agricultural Drainage Water Desalination and Antiscalant Application

In addition to inland desalination, agricultural drainage water has also emerged as a
potential alternative freshwater source, particularly in arid regions with intensive

agriculture. Reusing drainage water can help alleviate water scarcity by providing an



additional water source for irrigation or other non-potable applications. However,
drainage water from agricultural fields often has high salinity levels and elevated
concentrations of calcium and sulfate, which complicate direct reuse without treatment.
Agricultural drainage water typically contains total dissolved solids (TDS) ranging from
3,000 to 30,000 mg/L, with major constituents including hardness ions, sodium, sulfate,
and chloride.® Calcium concentrations within hardness ions range from 200 to 600 mg/L,
while sulfate levels vary between 2,000 and 20,000 mg/L.3® Without proper treatment and
reuse, discharging this drainage water can degrade soil productivity and pose significant
environmental risks.

Reverse osmosis (RO) is a promising membrane desalination process that is able to
reduce salinity of agricultural drainage water and produce potable water.3¢-3® However,
gypsum scaling, a common issue in the desalination of drainage water, can reduce RO
membrane efficiency by forming deposits on the membrane surface, impeding water
flow, and increasing operational costs.*® To prevent scaling, antiscalants such as
diethylenetriaminepentakis-methylphosphonic acid (DTPMP), nitrilotri-
methylphosphonic acid (NTMP), and polyacrylic acid (PAA) are commonly used.'® Each
of these antiscalants has different inhibition mechanisms and effectiveness based on the
specific chemical conditions of the feedwater. Optimizing antiscalant dosage and
application conditions and understanding antiscalant interaction with scale-forming ions
are crucial to improving membrane desalination performance and achieving sustainable

drainage water reuse.



Research Gaps and Motivations

Despite advancements in inland brackish water desalination and drainage water
desalination, several critical research gaps remain:

1. Downstream brine disposal via brine line systems:

The factors that affect solid formation within the brine pipeline infrastructure remain
poorly understood, necessitating further investigation to mitigate scaling and operational
challenges.

2. Downstream sustainable brine treatment:

Limited research exists on the integrated application of UV/PS-CDM-MF-RO processes.
Further investigations are needed to optimize each step and evaluate the combined
effectiveness of these processes in reducing salinity, degrading antiscalants, and
enhancing mineral recovery.

3. Upstream antiscalant application in primary RO desalination:

While antiscalants are widely used to prevent membrane scaling, the mechanisms by
which they inhibit the precipitation of various minerals in complex brine solutions are not
fully understood. Specifically, the interactions between antiscalants and ions such as
calcium and sulfate require further study to optimize antiscalant selection and dosage.
This dissertation aims to address these research gaps by collecting and analyzing brine
samples from local brine pipeline system, exploring a multi-step brine treatment train,
and investigating the application of antiscalants in agricultural drainage water

desalination. By advancing inland brackish water desalination brine treatment and



drainage water reuse, this research seeks to contribute to sustainable saline water

management solutions for water-scarce regions.

Objectives of PhD Dissertation

The overarching objective of this PhD dissertation is to develop sustainable and efficient

inland brackish water desalination brine management strategies and explore the impact of

antiscalants during agricultural drainage water desalination. The research focuses on both

downstream brine management and upstream antiscalant applications. Specifically, it

addresses:

1. Downstream brine management methods:

This includes analyzing current brine disposal through brine line systems and

investigating a novel integrated treatment process (Figure 1-1). It evaluates factors

affecting solid formation during brine transportation. Then it integrates and evaluates

advanced oxidation processes, chemical demineralization, and microfiltration techniques

to improve brine treatability, enhance water recovery, and facilitate resource reclamation.

2. Upstream antiscalant application in primary RO desalination:

This involves optimizing antiscalant use and illustrating their inhibition mechanisms for

gypsum scaling. The goal is to improve membrane performance and reduce scaling

(Figure 1-1).

The specific objectives are as follows:

1. Characterize brine transport and scaling dynamics in pipeline infrastructure systems:
Analyze brine composition and scaling potential along brine pipeline networks

connected with multiple inland brackish water desalination facilities. Identify factors



that promote solid precipitation and scaling, and propose strategies to mitigate scaling
risks and improve pipeline performance.?

2. Evaluate UV/persulfate photochemical treatment for antiscalant degradation:
Investigate the efficacy of UV/PS oxidation in degrading phosphonate-based and
commercial antiscalants in brine and its impact on subsequent treatment steps.*#2

3. Evaluate a newly proposed treatment process for maximizing fresh water and mineral
recovery:

Integrate UV/PS oxidation, CDM, MF and RO to examine this comprehensive brine
treatment process. This process aims to increase water recovery and reclaim valuable
minerals, such as calcium and magnesium, from inland brackish water desalination
brine while creating a sustainable brine treatment framework.*4?

4. Understand antiscalant application for agricultural drainage water desalination:
Evaluate the performance of different antiscalants (DTPMP, NTMP, and PAA) in
mitigating gypsum scaling during RO desalination of agricultural drainage water.
Investigate the effects of pH and natural organic matter (NOM) on antiscalant
effectiveness to determine optimal conditions for reducing membrane scaling and
enhancing RO performance. In addition, elucidate the antiscalant inhibition
mechanisms on gypsum precipitation under varying chemical conditions.*®

Through these objectives, this dissertation seeks to address challenges in downstream

inland brackish water desalination brine disposal, sustainable brine treatment, and

upstream antiscalant application. The findings aim to advance innovative and

10



environmentally friendly water treatment technologies, contributing to sustainable water

management solutions.

Case Study of Brine Disposal through
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Abstract

In the inland region of Southern California, a 116-km brine line distribution system
transports brackish desalination brine to the coast for treatment and ocean discharge,
however, solid precipitation and pipeline scaling occurred in the brine line. This case
study investigated brine chemistry and solid precipitation behaviors in the brine line
system. Brine chemical composition at multiple sites along the brine line was measured
and the theoretical type and amount of solid formation was predicted using chemical
modeling. Lab-scale simulation experiments were performed to evaluate the impacts of
antiscalant application on solid formation in the brine line. Sampling data showed that
pre-existing solids discharged from inland brackish desalination plants accumulated in
the brine line which may lead to scaling problems. Chemical modeling predicted that
calcite, dolomite, silica and hydroxyapatite were oversaturated but not precipitated. Lab
simulation data suggested that the delayed solid formation was mostly due to the
presence of antiscalants, especially secondary antiscalants in low flow turbulence
conditions. Results suggest that to minimize scaling issues in the brine line infrastructure,
two strategies of active on-site brine pretreatment to remove antiscalants and hardness
ions, and operational optimization on the brine line for better flow control and real-time
monitoring should be considered.

Keywords: Brackish water desalination brine, Solid formation, Antiscalant, Flow

turbulence, Induction time
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Introduction

Water scarcity has become a worldwide issue, especially in arid inland area.>= In
response, inland brackish water becomes an increasingly viable water resource and
reverse osmosis (RO) brackish water desalination is widely employed to produce clean
drinking water.*® The major challenge to the wide application of inland desalination is
the disposal of the desalination concentrate, a byproduct wastewater known as brine that
can account for up to 25% volume of brackish feedwater.® Compared to other types of
brine, inland brackish desalination brine has a modest salinity — typical total dissolved
solid (TDS) concentration is 5000-9000 mg/L, but with a high level of various scale-
forming precursors (e.g., calcium, magnesium, silicate) and oversaturated with respect to
different minerals.!®** In addition, antiscalants that transitorily inhibit solid formation are
also ubiquitously present in the brine.!* Therefore, a proper handling of inland brine
disposal is needed to prevent brine line scaling and adverse environmental impact, such
as damaging aqueous ecosystem and deteriorating vegetation growth and soil
productivity.®®

Current brine disposal options include direct ocean discharge, sewer discharge,
evaporation pond and deep well injection.>!817 In inland arid area, a viable option is to
discharge brine from different inland desalination plants into a pipeline infrastructure that
is known as brine line. This water infrastructure transports brine via a long-distance,
gravity-driven manner to a centralized facility along the coast or main waterways, where
a reduced volume of brine will be disposed after treatment. If the centralized facility is

located far from natural water body, a thermal treatment of brine is needed to achieve
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zero liquid discharge. Compared to other brine disposal methods, a brine line that collects
inland brine for centralized treatment is a practical approach to manage a large number of
inland desalination facilities and protect the groundwater. As brackish groundwater
desalination becomes more important to inland regions, more brine line infrastructure
will be constructed in the future.

A major challenge to brine line management is scaling — a phenomenon when minerals
precipitate on the inner pipe wall from oversaturated brine. Scaling results in solid build-
up and pipe clogging, thus significantly increasing the maintenance cost of brine line and
reducing the longevity of water infrastructure. The extent of solid precipitation from the
brine depends on several factors including the oversaturation ratio, flow turbulence and
the presence of antiscalants — a group of organic chemicals that are typically added in the
feedwater during desalination process to alleviate membrane scaling issue.'®2?
Antiscalants are subsequently rejected by RO membranes and concentrated in the brine.
Antiscalant is the organic chemical that contains active gradients with function groups
including phosphonate, carboxylic acid or other chelating agents and its concentration
ranges between 2 and 10 pM.**22 The presence of antiscalant can delay nucleation and
crystal growth for a finite duration of time (known as induction time).1424-28

Flow turbulence can also affect solid formation kinetics in the brine line. The mixing
energy has a dominant impact on crystal growth process.?® However, the impact of flow
turbulence on solid formation in brackish water desalination brine remains unknown.
Prior studies focusing on scaling and solid formation phenomenon in a real brine line

system are very limited, and there is little knowledge on how to control the rate of
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nucleation and crystal growth in real brackish water desalination brine. A case study on a
real brine line system will generate much needed knowledge on inland brine disposal
management.

In the semi-arid Inland Southern California, a 70,000-km? region known as Inland
Empire that compasses Riverside and San Bernardino Counties, a brine line infrastructure
in operation provides a unigue setting of its kind in the world. Inland Empire has a
population of approximately 4.5 million with a fast growing economy and booming
housing market.*® The water demand for agricultural, industrial and municipal use, driven
by increasing population and economy, keeps growing. To alleviate severe water scarcity
in this region, inland brackish water desalination has been employed and expanded to
meet the growing water demand, which in its companion generates a large amount of
brine. In response to the need for brine disposal, a 116-km brine line infrastructure was
constructed to collect and transport 4.8>10* m® of brine per day from multiple inland
desalination facilities in Riverside and San Bernardino Counties, Calif., to a coastal
treatment plant in Orange County, Calif. This brine line benefits the inland region by
removing more than 450 tons of salt per day.3! However, the brine line historically
experienced severe scaling issues that induced high maintenance cost. The concentration
of inorganic solids in the brine increased from the entry point to the end point of the brine
line, suggesting that solid formation occurred in the pipeline infrastructure.® Therefore, it
is urgent to understand what affects solids formation and how to better manage brine

pipeline infrastructure.
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By collecting and analyzing samples from the unique brine line in Inland Southern
California, this study aimed to quantitatively characterize chemistry of inland
desalination brine, predict theoretical solid formation potential in the brine line using
chemical modeling, fundamentally understand the impacts of antiscalant, flow turbulence
on the solid formation phenomenon in brine line, and acquire knowledge for better brine
transport infrastructure management.

Methods and Materials

Major Discharge Points and Brine Sampling Location

The whole brine line system in Inland Southern California receives brine from 5 major
inland brackish desalination water treatment plants: Arlington desalter, Temescal
desalter, Perris and Menifee desalters, Chino | desalter and Chino |1 desalter that account
for more than 95% of brine discharge volume (Figure 1A).% For a better control of the
experimental design and system control, this study focused on the most unique and
important branch of the brine line system (Figure 1B). This brine line branch historically
experienced severe scaling issues and accounts for approximately 40% of the total inland
brine volume, the largest of all branches. It mainly receives brine from three discharging
points: Arlington desalter (labelled as DWTP #1 of Site S1), Temescal desalter (labelled
as DWTP #2 of Site S6) and a side stream brine discharged from Perris and Menifee
desalters (labelled as DWTP #3 leading to Site S3) (Figure 1B). These three discharge
points in combination account for nearly 100% of calcium loading and flow rate in this
branch of brine line.®? Primary antiscalants (Table S1) carried over from the RO

desalination process are present in brine samples from DWTP #1, DWTP #2 and DWTP
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#3 (Figure 1B). In addition, a secondary antiscalant (Table S1) is added to the RO brine
discharged from DWTP #1 right before entering the brine line, whereas no secondary
antiscalant was added in other two facilities. Therefore, the brine line branch chosen in
this study provides a unique setting to study brine chemistry and solid formation.

A total of 8 sampling sites along the brine line were selected to collect brine samples on
January 20, 2021. In addition to the three desalination facilities’ sites prior to entering the
brine line (Sites S1, S3 and S6), five sites in the brine line were chosen (Figure 1B). The
brine line is divided into three sections based on the sites: Section A (between Site S1 and
Site S2), Section B (between Site S4 and Site S5), and Section C (between Site S7 and
Site S8; Figure 1B). Additionally, one brine sample was collected at DWTP #1 prior to
the addition of secondary antiscalant. The hydraulic retention time of Section A, B and C
is 6, 1.5 and 1 hours, respectively. The flow rate of brine from DWTP #1, DWTP #2 and
DWTP #3 is 1744, 14718, 6355 m®/day, respectively. Therefore, the brine from DWTP
#3 has the highest flow rate and has a dominant impact on brine chemistry from Site S4
to Site S8.

Fresh brine samples were collected from the 8 sampling locations and then stored into
9.5-L sample bottles sealed without headspace within a 2-hour time span. Following that,
the samples were analyzed within 2 hours for suspended solids, pH, alkalinity, anions
concentration measurement. An additional 150 mL of brine samples were collected from
each location, immediately filtered using 0.1-pm syringe filters, acidified by concentrated

nitric acid onsite and then stored in three 50-mL centrifuge tubes without headspace.
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These acidified brine samples were subsequently measured for dissolved cation
concentrations.

Chemical Modeling on Theoretical Solid Formation in the Brine Line

Chemical equilibrium model simulation was conducted using Visual Minteq (version 3.1)
software to calculate the theoretical amount and type of solid formation at different
sampling locations of the brine line.*® Only inorganic solids precipitation was considered
in the chemical model. This is because dissolved organic carbon (DOC) concentration is
very low compared to calcium and magnesium concentration in the brine (Table 1).
Calcium and magnesium complexation with organic matter is negligible at this low level.
Measured chemical compositions and temperature of brine samples at each site were
input parameters of the chemical model in a closed system. The saturation indices with
respect to various possible solids were predicted by the software. Predicted oversaturated
solids were subsequently selected, and theoretical type and amount of solid formation in
the brine at equilibrium were calculated. More details on the chemical modeling are
provided in supporting information (Text S1).

Simulation of Solid Formation from the Brine

To evaluate the kinetics of solid formation in the brine, lab-scale simulation experiment
was conducted in 2-L stirred rectangular batch-reactors at 23 1 °C that simulates the
brine line temperature. Specifically, 1-L brine samples collected from different sites were
transferred to the reactor as soon as possible after sampling. Experiments were conducted

under three stirring rates of 0, 350 and 700 revolutions per minutes (rpm) for up to 72
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hours. At designated time intervals, 3-mL sample was withdrawn, filtered using 0.1-jm
filters, acidified and measured for dissolved calcium and magnesium concentrations.
Analytical Methods

Dissolved calcium, magnesium, sodium and silica concentrations were quantified using
EPA standard methods 3005 with an inductively coupled plasma mass spectrometry
(ICP-MS).3* Alkalinity in brine samples without pretreatment was measured using a
titration method.>* Phosphate was determined by vanadomolybdophosphoric acid
colorimetric method.3* Ammonium was determined by phenate method. Nitrite and
nitrate were determined by using standard colorimetric methods.®* Total suspended solids
(TSS), Volatile suspended solids (VSS) and fixed suspended solids (FSS) were
determined by the standard method 2540D-E.** Dissolved organic carbon (DOC) was
determined by a TOC analyzer. pH and total dissolved solids (TDS) were determined by
pH meter and conductivity meter. Triplicate measurements of each sample were
conducted in all brine quality measurements.

Results and Discussion

Brine Chemistry in the Brine Line

Field sampling data showed that brine chemical parameters are different at each
desalination plant, which is due to different feed brackish groundwater and different
recovery rate (79% at DWTP #1, 86% at DWTP #2, 75% at DWTP #3). The solution pH
of the brine along the 8 sampling locations are relatively stable, ranging between 7.7 and
7.9 (Table 1). TDS concentration of brine along the brine line is in the range of 3300

mg/L to 5300 mg/L, validating high salinity of brackish desalination brine, and brine
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from DWTP #3 has the highest TDS concentration among brines from three plants (Table
1). The alkalinity of desalination brine varied at different desalination plants discharged
into the brine line (Table 1). For example, alkalinity of brines from DWTP #1 (Site S1)
and DWTP #2 (Site S6) are similar at approximately 1600 mg/L, but alkalinity of brine
originated from DWTP #3 (Site S3) is much lower at 500 mg/L. Alkalinity along the
brine line first decreases from 1600 mg/L (Site S2) to 660 mg/L (Site S4) and then
increases to 1000 mg/L (Site S7) as a result of mixing and dilution effects of the three
desalination brines discharged into the brine line. Bicarbonate mainly contributes to
alkalinity. The presence of bicarbonate in the inland brackish water originates from
dissolution of carbonate species from aquifer minerals in equilibrium with brackish
groundwater.

Calcium is a major constituent in the inland desalination brine, ranging between 840 and
1178 mg/L (Table 1). There is also a considerable amount of magnesium in the brine,
ranging between 150 and 300 mg/L (Table 1). Sources of these two hardness ions are
from dissolution and equilibrium with aquifer calcium and magnesium minerals in
groundwater. Brines from DWTP #1 and DWTP #2 were similar with respect to
magnesium concentration, but the brine from DWTP #3 is 50% less compared with the
other two brines. Sodium concentration in these three brines ranged from 500 to 1000
mg/L. In addition, dissolved silica concentration in the brine discharged from the three
plants were approximately 50 mg Si/L and stayed relatively stable along the brine line

(Table 1).
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Regarding nutrients, inland brackish brine is very rich in nitrate, with its concentration
ranging between 30 and 110 mg N/L (Table 1). The elevated level of nitrate unique in
inland desalination brine is mainly attributed to the historical agricultural activity in this
region and a long-term application of nitrogen fertilizer and groundwater contamination.
In addition, phosphate, nitrite and ammonium ion concentrations were nearly negligible
at most sites along the brine line branch, except that the brine at Site S3 that had the
highest concentrations of phosphate, nitrite and ammonium ion (Table 1), which could be
attributed to the collection of a small volume of industrial wastewater that contains a
certain level of nitrogen and phosphorus at DWTP #3. Dissolved organic carbon (DOC)
concentration along the brine line is generally low, consistent with other observations that
brackish water is low in organic content compared to surface water.

TSS and FSS concentration in the brine represents total and inorganic solids that can
contribute to brine line scaling. Brines discharged from DWTP #1 and DWTP #2 had
negligible amount of pre-existing solids, but brine at Site S3 has the highest solid
concentration (Table 1), suggesting that solid pre-existing in the brine was discharged
from DWTP #3. TSS concentration is 12 mg/L higher than FSS concentration in brine
from DWTP #3, indicating that pre-existing organic solids account for a small fraction of
TSS and inorganic solids play a dominant role in brine line scaling (Table 1). These
solids further transported downstream from Site S3 and increased solid concentration in
Sections B and C of the brine line (Table 1). In Section A of the brine line section, FSS
concentration did not change from Site S1 to Site S2, indicating that no solid formation

occurs in this section. In Section B, FSS concentration declined from 32 mg/L to 12
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mg/L. In Section C, FSS concentration also declined from 18 mg/L to 6.5 mg/L (Table
1). The decrease of FSS concentration in Section B and C of the brine line indicates an
accumulation of pre-existing inorganic solids instead of new solids formation took place
in the brine line, which was also supported by stable dissolved calcium, magnesium,
silica concentration along the brine line (Table 1). Calculation shows that approximately
340 and 255 kg/day of inorganic solids accumulated in Section B and C of the brine line,
respectively (Figure S1). The accumulation of pre-existing solids in the brine line is
likely due to the settling effects of the suspended solids in the brine under low-turbulent
flow conditions.

Solid Formation Potential in the Brine Line

Chemical modeling predicts the theoretical maximal amount and type of formed solid
from the oversaturated brine based on chemical equilibrium. Modeling result shows that
four solids are oversaturated and can precipitate in the brine line: calcite CaCOss),
dolomite CaMg(CO3)2(s), silica solid SiOzs) and hydroxyapatite Cai0(PO4)s(OH)2(s). For
brines from DWTP #1, DWTP #2 and DWTP #3, calcite accounts for the majority of the
predicted solid composition, accounting for 52%, 90%, 62% of total theoretical solids,
respectively (Figure 2). Dolomite is predicted to only exist in brine from DWTP #1,
accounting for 38% of total theoretical solids (Figure 2). Silica solid is predicted to exist
in brines from all three plants, accounting for 10%-30% of total theoretical solids.
Hydroxyapatite concentration is predicted to only exist in the brine originating from

DWTP #3, accounting for approximately 5 % of the solids. The predicted solid
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composition and concentration at other sites along the brine line are mainly a result of
mixing and dilution effects of the three main dischargers.

Hydroxyapatite has the highest saturation index, but the lowest theoretical solids amount
at all sites, due to the lowest Ksp value (Log Ksp of calcite, dolomite, silica solid and
hydroxyapatite is -8.5, -17.1, -4 and -44.3, respectively) of the solid and the low level of
phosphate in the brine (Table 2 and Figure 2). Dolomite has a higher saturation index
than calcite and silica solid along the brine line, but its theoretical concentration equals
zero at all sites except for Site S1 and Site S2. In contrast, calcite and silica solid have the
lower saturation index but relatively higher theoretical concentration along the brine line.
This is due to the fact that when different oversaturated solids start to precipitate, solution
composition also changes and then solids initially supersaturated are no longer
supersaturated at the end point of precipitation, which lead to different theoretical solid
concentrations.

Total theoretical solid concentrations of brine from DWTP #1 and DWTP #2 are similar
at approximately 1100 mg/L, due to the direct impact of brine discharged from brackish
desalination plants (Figure 2). The theoretical solids concentration of brine from DWTP
#3 is only 340 mg/L, due to its low alkalinity and low saturation index of calcite and
silica solid (Table 2). After the mixing of brine from DWTP #3 into Section B of the
brine line, total theoretical solids concentration drops to 460 mg/L at Site S4, mainly due
to dilution effects by the large volume of brine mixing from DWTP #3 (Figure 2). After
mixing with oversaturated brine from DWTP #2 (Site S7), total theoretical solids

concentration increases to 690 mg/L. The trend of theoretical solids concentration along
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the brine line is consistent with the trend of saturation index of calcite, which in turn
rationalizes the prediction that calcite is the dominant theoretical solid.

The experimentally measured FSS concentration, however, was much lower than the
theoretical solids concentration at all sites (Table 2), suggesting that the extent of solid
formation is heavily impacted by the kinetics of solid precipitation. The slower-than-
expected rate of solid formation in the brine is mainly due to the existence of antiscalants.
Effects of Antiscalants on Solid Formation Potentials in the Brine Line

The presence of residual primary antiscalant (Table S1) in the brine is effective on
delaying solids formation from the desalination brine (Figure 3). The primary antiscalant
concentration carried over into the brine from DWTP #1, DWTP #2 and DWTP #3 is
approximately 20, 32 and 5 mg/L, respectively. But the type of primary antiscalants at
these sites are different. Lab precipitation simulation experiments show that the induction
time of calcium precipitation in the three desalination brines ranged between 1 and more
than 4 hours under 700 rpm stirring rate (Figure 3). The induction time of magnesium
precipitation in the three desalination brines was also more than 4 hours under 700 rpm
stirring rate (Figure S2). These results indicate the primary antiscalant is capable of
delaying solids formation even considering that the three brine samples have different
chemical compositions.

Because a secondary antiscalant with active gradient of carboxylic acid and other
chelating agents was injected into the RO brine discharged from DWTP #1, brines
samples were taken with and without the secondary antiscalants (Table S1) from DWTP

#1 to further evaluate its effect on solid precipitation. Results show that the presence of a

31



secondary antiscalant further delayed the precipitation of calcium solids, decreased solids
formation rate and created a two-stage calcium precipitation curve (Figure 4). For
example, under 700 rpm stirring rate and in the absence of secondary antiscalant, the
induction time for calcium precipitation in the brine was 3 hours and then a linear
precipitate rate was observed (Figure 4A). In contrast, in the presence of 10 mg/L
secondary antiscalant, a two-stage calcium precipitation curve was observed. The first-
stage induction time increased to 4 hours. After that, calcium precipitation lasted for 2
hours before it was further delayed for an additional 50 hours (Figure 4A). Overall, under
the same stirring rate, the brine with secondary antiscalant had a longer induction time
and slower calcium precipitation rate than the brine without secondary antiscalant (Figure
4). The trend is consistent with previous observations that the presence of antiscalant
delays calcium precipitation in the brine.®®

Lab-scale simulation experiments also show that the addition of secondary antiscalant
(Table S1) at a concentration of 10 mg/L was as effective as the presence of primary
antiscalant on the inhibition of magnesium solid precipitation within 72 hours (Figure
S3). The induction time of magnesium precipitation was much longer than that of
calcium precipitation. (Figure 4 vs. Figure S3). The results suggest that the antiscalants
used for the brine line are more effective on inhibition of magnesium precipitation than
calcium precipitation.

Flow turbulence also affects the effectiveness of antiscalants on nucleation and solid
formation process. Due to the complexity of actual brine line system from aspect of

pipeline configuration and diameters, three different stirring rates were chosen in lab-
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scale induction time experiment to qualitatively illustrate the impact of flow turbulence
on solids formation phenomenon in brine line. With the stirring rate increasing from 0 to
700 rpm, flow turbulence increased, and a shorter induction time and faster calcium
precipitation kinetics were observed (Figure 4). When the brine was in static condition at
0 rpm, the induction time was beyond 72 hours (Figure 4C). In brines without secondary
antiscalant, the induction time decreased from 6 to 3 hours when the stirring speed
increased from 350 to 700 rpm (Figure 4A vs. 4B). In brines with secondary antiscalant,
the induction time also decreased from 8 to 4 hours when the stirring speed increased
from 350 to 700 rpm (Figure 4A vs. 4B). This phenomenon could be due to the
mechanism that increase of flow turbulence can accelerate detachment between
antiscalant and calcium and magnesium and it can also accelerate collision between
cations and anions, particles and particles and then induce flocs formation, facilitating
solids precipitation.

Engineering Implication

Extensive sampling data along the brine line show that inland brackish water desalination
brine is heavily oversaturated with multiple hardness solids (e.g., calcite and dolomite)
and silica solid. Consequently, there is a high risk for solids formation in the brine
pipeline. In addition, primary antiscalant universally exists in brackish water desalination
brine and secondary antiscalant is also dosed into brine sometimes to prevent solids
formation, which makes brine chemistry even more complex. Moreover, brine flow
turbulence conditions also affect the effectiveness of antiscalant in delaying solid

formation in the brine line. Furthermore, pre-existing solids discharged from desalination
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plants can accumulate in the brine line via particle setting effects. Based on the unique
inland brine chemistry, it is important to minimize solid formation risk and scaling issues
in the brine line for better water infrastructure management. Data from this study points
to two overall strategies for inland brine line management: (1) active on-site brine
pretreatment to reduce solid loading; and (2) better brine line management to minimize in
situ solid formation and accumulation.

Regarding active brine pre-treatment before discharging into the brine line, two treatment
options can be implemented. First, solid removal unit operations can be installed to
remove pre-existing solids from the brine at the desalination facilities, including
coagulation and sedimentation followed by microfiltration. Second, to minimize potential
solid formation risks in the brine line, it is important to transform oversaturated brine to
undersaturated brine before discharging from inland desalination facilities. To reach this
goal, the removal of antiscalants from the brine is critical. One potential pretreatment
train is to degrade antiscalants by ultraviolet light based advanced oxidation process.3®
The removal of antiscalants will accelerate the precipitation of oversaturated hardness
ions, e.g., calcite and dolomite, which can be subsequently removed via a solid separation
unit process.*® This treatment train will result in additional resource recovery of minerals
and the production of a clear brine with minimal scaling risks.

In cases where active on-site pretreatment options are not possible, several design and
operational options on the brine line can be considered to minimize in situ solid
formation and accumulation. First, it is important to control brine flow rate to an optimal

level to avoid extremely low or high flow turbulence, because a high flow turbulence
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renders the effectiveness of carried-over primary antiscalant, and a low flow turbulence
facilitates the accumulation of pre-existing solids in the brine. Second, it is useful to have
a monitoring system along the brine line to transmit real-time important brine chemical
characteristics including temperature, pH, alkalinity, hardness levels, to predict the brine
oversaturation levels and solid potential risks. Third, based on the real-time data, mild
adjustment can be made along the brine line to stabilize the brine chemistry and avoid in
situ solid formation, e.g., dosing additional antiscalants and pH adjustment.

Conclusions

In this study, we conducted a case study on an inland brine line in southern California. By
analyzing brine samples at different sites along the brine line and major desalination
treatment facilities, we evaluated brine chemistry, theoretical solids formation and impact
of antiscalant and flow turbulence on solids formation. This study shows inland brackish
water desalination brine is supersaturated with respect to calcite, dolomite, silica solid
and hydroxyapatite, with calcium solids the major minerals oversaturated in the brine.
Both primary antiscalant and secondary antiscalant can be effective in delaying solids
formation. Pre-existing solids discharged from desalination plants could accumulate in
the brine line and lead to scaling issues in the long term. Results suggest that to minimize
scaling issues in the brine line infrastructure, two strategies of active on-site brine
pretreatment to remove antiscalants and hardness ions, and operational optimization on

the brine line for better flow control and real-time monitoring should be considered.
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Supporting Information

Please refer to Appendix A for supporting information, which includes:

Text S1, Visual Minteq calculation steps; Figure S1, solids accumulation rate in different
sections of brine line; Figure S2, dissolved magnesium concentration profile from
induction time experiments with brines from three inland desalination treatment plants.
Table S1, Antiscalant information at Arlington desalter and Temescal desalter. Figure S3,
magnesium induction time experiment for brine at DWTP #1 with or without secondary

antiscalant under different stirring rate.
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Figure 2-1. (A) Five major brine dischargers and studied brine line branch in Inland
Southern California brine line map. (B) Three major dischargers and 8 sampling sites in
the brine line branch chosen for this study. Site S1 (discharge point of DWTP #1 to
acquire brine with secondary antiscalant), Site S2 (end point of Section A of the brine
line), Site S3 (end point of side brine line from DWTP #3), Site S4 (start point of Section
B of brine line), Site S5 (end point of Section B of brine line), Site S6 (discharge point of
DWTP #2), Site S7 (start point of Section C of brine line), Site S8 (end point of Section
C of the brine line).
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Figure 2-2. Theoretical solids amount of brine samples at 8 sampling sites in brine line
branch. (Concentration results in this figure was calculated by Visual Minteq and detailed
calculation steps was shown in Text S1)
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Figure 2-3. Dissolved calcium concentration profile from induction time experiments
with brines from three inland desalination treatment plants (DWTPs #1, #2 and #3 at Site
S0, Site S6 and Site S3, respectively. Stirring rate = 700 rpm. Only residual primary
antiscalants were present in these three brine samples. [Ca?*]o refers to initial dissolved
calcium concentration. [Ca®*] refers to dissolved calcium concentration at designated
time point.
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Abstract

Brine disposal is a challenging issue for brackish water desalination in inland regions.
This study developed an ultraviolet-driven persulfate oxidation pre-treatment (UV/PS)
followed by a chemical demineralization (CDM) and microfiltration to effectively treat
brackish water desalination brine, specifically by degrading antiscalant during UV/PS
and precipitating scale-forming calcium from the brine during CDM. To optimize
calcium removal Kinetics, the effects of persulfate dose and UV irradiation time during
UV/PS were investigated and softening by NaOH and lime during CDM were evaluated.
UV/PS pre-treatment successfully eliminated the scale inhibition effect of antiscalant,
resulting in enhanced chemical demineralization performance. A few minutes of CDM
operating time was sufficient to remove more than 85% of total calcium from the brine
due to the fast sedimentation of calcium precipitates. Moreover, compared to a control
(no pre-treatment), the subsequent microfiltration (MF) membrane fouling potential was
reduced by 80%. Overall, the application of the UV/PS-CDM-MF combined process has
the potential to remove more than 90% of calcium from the brackish desalination brine,
and consequently recover a significant amount of fresh water (>90%) from the brine.
Results from this study point to UV/PS-CDM process as a promising brine treatment

technology to remove scale-forming precursors and improve water recovery.
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Introduction

Freshwater scarcity has become a worldwide challenging issue.* To overcome
freshwater scarcity in inland and semi-arid areas, including the Middle East, Southern
California and Texas, reverse osmosis (RO) membrane desalination of brackish
groundwater that contains total dissolved solids (TDS) ranging from 1 to 10 g/L is
employed to generate freshwater.*® Water recovery of brackish water RO desalination is
typically between 40% and 85%, depending on TDS and chemical composition of the
feed water.”1% Therefore, 15% to 60% of the feedwater becomes the RO concentrate
waste, known as brine. However, the management of a RO concentrate stream remains
challenging due to the high costs and adverse environmental impacts, especially in inland
regions.**~*3 Current management options for inland desalination plants include ocean or
surface water discharge through a brine line, deep well injection, evaporation pond, and
landfill solidification.}**". However, the cost of existing brine management can add up to
more than 30% of the overall treatment cost,*3!° and direct disposal can have negative
environmental impacts by increasing salinity and inducing secondary pollution.2-??

In order to minimize the inland brine management cost and negative environmental
effects, additional water recovery from brine is needed. The improvement of water
recovery can be achieved by passing the primary brine through a secondary RO
process.?®2* However, the major limitation to achieving high water recovery from the
brine is mineral scaling by sparingly soluble salts (e.g., calcite and gypsum) on the

membrane surface.?>2® Therefore, an adequate brine treatment prior to the further
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membrane process is necessary to reduce mineral scaling during the secondary RO
process.

The major target constituents of brine pre-treatment are antiscalant and scale-forming
precursors.t”22% Antiscalant is a vital chemical due to its scale inhibition effect, which
improves the water recovery of the RO system; therefore, the type of antiscalant applied
to the RO system has a significant impact on the operating and maintenance costs in the
desalination plants.>® Choosing the appropriate type of antiscalants depends on the
feedwater composition.3! Among various types of antiscalants, phosphonate-based
antiscalants are most commonly added to the feed water.3* Although antiscalants help
prevent precipitation and increase water recovery at the main RO desalination stage, the
presence of antiscalants in the brine hinder the removal of target scale-forming precursors
at the brine treatment process; therefore, the removal of antiscalant can benefit brine
treatment. Several antiscalant separation techniques, including use of coagulant or
surfactant, ion exchange, adsorption, nanofiltration, and chemically-enhanced seeded
precipitation have been proposed.?®2¢-42 Additional chemical residuals may cause
membrane fouling at the secondary RO process.**** lon exchange and adsorption still
need to be improved for the process sustainability, and antiscalant residual may still
present after treatment.

Antiscalant degradation by advanced oxidation processes (AOPS) is a promising
approach to remove phosphonate-based antiscalant compounds.?®4>-47 The benefit of
AOPs is the decomposition of antiscalants in brine to simple organic compounds.

Consequently, both scale inhibition effects during the demineralization process and the
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possibility of membrane fouling by excessive antiscalant in the RO process can be
reduced. Among various AOPs, an ultraviolet-driven persulfate oxidation process
(UV/PS) has the potential to remove antiscalants effectively.*® UV photolysis of
persulfate (S.0s%) generates sulfate radical (SO4™), and it is a strong oxidant with similar
oxidizing power (E° =2.5-3.1 V) to HO" (E® = 1.9 - 2.7 V). SO4™ is also more selective
toward organic contaminants.*® However, little research has been performed on the
application of UV/PS on brine treatment.

After antiscalant degradation, the removal of scale-forming precursors in brine can be
achieved by demineralization processes. Among various demineralization techniques,
chemical demineralization (CDM) is effective in the removal of scale-forming
precursors.**-°! Alkaline chemicals, e.g., CaO, Ca(OH)2, NaOH, NaHCO3, Na,COs are
often used to remove major scale forming precursors including Ca?*, Ba?*, Mg?*, and
Si0,.51%* NaOH softening and lime softening using CaO, Ca(OH),, NaHCO3 or Na;CO3
would be beneficial, because these methods only require simple chemical addition; as a
result, it allows for the recovery of relatively pure minerals from the sludge of the CDM
process. Nonetheless, the kinetics and mechanisms of CDM after antiscalant degradation
via UV/PS remain unknown, and the impact of UV/PS and CDM processes on system
water recovery needs to be answered.

The objectives of this research were to: (1) evaluate the applicability of the UV/PS
coupled with CDM to degrade antiscalant and remove scale-forming precursors from
brackish water desalination brine; (2) determine operating conditions of the UV/PS

process (i.e., persulfate dose and UV irradiation time) to degrade antiscalant in the feed

51



water; (3) identify the kinetics and mechanisms of calcium precipitation and calcium
removal efficiency by NaOH softening and lime softening methods in the presence and
absence of UV/PS pre-treatment at the CDM process; (4) investigate the solid/liquid
separation performance of the MF process after CDM in the absence and presence of the
UV/PS process, and (5) assess the water recovery potential at RO after UV/PS-CDM
process. The performance of the UV/PS-CDM process was evaluated based on a few
technical evaluation metrics, including the settling rate of mineral precipitates at the
CDM process, product water quality, and the extent of MF membrane fouling.
Materials and Methods

Chemicals and Solutions

Stock solutions and synthetic brine feed water were prepared using Milli-Q water. All
chemicals are reagent grade or higher and obtained from JT Baker, Sigma-Aldrich, or
Fisher Scientific. Synthetic brine solutions were prepared to simulate the chemical
composition of inland brackish groundwater RO concentrate at the Inland Empire Brine
Line in Riverside, California, USA.>® The brine water quality, based on the actual brine
quality from Arlington Desalter (DWTP #1, discussed in Chapter 2), is detailed in Table
1. The use of synthetic feed water allowed a fundamental investigation of the calcium
carbonate precipitation, which is a major supersaturated solid in inland desalination
brines.*:* Diethylenetriamine pentamethylene phosphonic acid (DTPMP) was chosen as
a representative phosphonate-based antiscalant to prepare the synthetic brine, because
DTPMP is a widely used antiscalant in membrane treatment and exhibits a strong scaling

inhibition effect.33% The chemical structure of DTPMP is shown in Fig. S1.
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Experimental Setup

The brine treatment process consisted of a UV/PS pre-treatment to degrade antiscalant, a
CDM step to remove scaling components, and a microfiltration (MF) step to separate
scaling minerals from the treated brine (Fig. 1). For UV/PS experiments, a 4-L beaker
UV reactor equipped with a 450-W medium pressure UV immersion lamp (Ace Glass,
Inc.) was utilized (Fig. S2A). To start an experiment, a 3.5-L synthetic brine solution
containing 2-5 mM persulfate and 0.1 mM DTPMP (equivalent to 15.5 mg/L as organic
phosphorus) was exposed to UV irradiation that last up to 60 minutes. The initial and
final pH of the brine solutions was 7.8 and 6.7, respectively. The chosen concentration of
DTPMP was at the higher end of typical phosphonate-based antiscalant concentration
observed in RO brine.*>® During UV/PS experimentation, 3-mL samples were
withdrawn by pipette from the experimental reservoirs at each targeted reaction time
interval. Additional details on the UV/PS experiment can be found in Text S1 of the
Supporting Information.

Following the UV/PS experiment, 1L of the UV/PS treated brine underwent a CDM
process in a 2-L stirred rectangular batch reactor (Fig. S2B). For the UV/PS pre-
treatment prior to the CDM process, 4 mM persulfate and 5, 10, or 20 minutes of UV
irradiation time were employed. In addition, two control CDM experiments were
conducted using a synthetic brine without UV/PS pre-treatment (control — no UV/PS pre-
treatment), and a synthetic brine in the absence of antiscalant without UV/PS pre-
treatment (control — no antiscalant). Two chemical demineralization methods were

evaluated for the CDM process, i.e., NaOH softening and lime softening. For the NaOH
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softening method, a targeted amount of NaOH was added to adjust the pH of the UV/PS-
treated brine to either 7.8, 9.0 or 10.2 with prior to CDM process. pH 7.8 is synthetic RO
brine feedwater pH (Table 1), pH 10.2 is where the plateau of the calcium carbonate
saturation index in the brine started (Fig. S3), and pH 9 is the middle point of those two
pHs. For the lime softening method, a requisite amount of Ca(OH)2 and NaHCO3 in
combination was added to the UV/PS-treated brine. Immediately after chemical addition,
the brine was rapid-mixed at 700 rpm for 1 minute to allow chemical mixing, followed by
29 minutes of sedimentation (i.e., a total of 30 mins of CDM process). At targeted time
intervals during the CDM process, 3-mL samples were withdrawn from the batch reactor
at 3 cm below the water-air interface using a pipette, which minimized the stirring impact
on the reactor (Fig. S2B). All samples were immediately acidified with 100 pL of
concentrated HNOs and preserved for total calcium analysis.

Following the CDM process, a MF step was conducted to evaluate the impact of the
UV/PS-CDM treatment on the solid/liquid separation process from the treated brine.
Specifically, the CDM treated brine further underwent a dead-end microfiltration (MF)
process to separate residual particles in the supernatant.5®-5! Based on the CDM process
results, the solid/liquid separation was performed 3 minutes of the lime softening CDM
process and 5 minutes after the start point of NaOH softening CDM process with
different UV/PS pre-treated brines. The experimental setup consisted of 0.1-pm
polyvinylidene fluoride membrane (Millipore Sigma, Burlington, MA), pressurizing
equipment (nitrogen gas tank, pressure gauge, and pressure control valve), a 200 mL

stirred cell (Millipore Sigma, Burlington, MA), and a permeate collection line (Fig.S4
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and Text S2). The permeate flux was measured continuously by a digital mass balance.
Membrane permeate flux and relative permeate flux were calculated using Equations 1-2,

respectively:
J=— (E1)

Relative permeate flux = ]l (E2)

0

Where J is the permeate flux (g cm sec), M is total mass of permeate (g), A is
membrane area (cm?), t is experimental time (sec), and Jo is initial permeate flux (g cm
sect).

Analytical Methods for Water Samples

During the UV/PS pre-treatment, the concentration of persulfate in the brine was
determined by a colorimetric method using potassium iodide.%? The concentration of
DTPMP in the brine was calculated by measuring orthophosphate concentration using
Standard method 4500-P E,®® since orthophosphate is the final phosphorus oxidation
product.*®® During the CDM experimental step, the solid precipitation and sedimentation
were monitored by measuring the change of total calcium concentration at pre-
determined time intervals. The concentrations of total calcium and sodium in the initial
synthetic brine and sampled product solutions were determined using an Inductively
Coupled Plasma Mass Spectroscopy (ICP-MS, Agilent Technologies, Palo Alto, CA).
Alkalinity was measured by titration based on standard method 2320B and the
concentration of chloride was determined following Standard Methods 4110B by ion

chromatography (Dionex ICS-1100, Thermo Scientific, Sunnyvale, CA).%

55



Results and Discussion
Antiscalant DTPMP Degradation by UV/persulfate
DTPMP was successfully degraded in synthetic brine as the brine was irradiated in the
UV/persulfate system (Fig. 2A). The degradation of DTPMP followed a pseudo first-
order kinetics model (all R? > 0.95). The observed pseudo first-order rates of DTPMP
degradation increased from 5.9%1072 to 9.610 min as the persulfate dosage increased
from 2 to 5 mM (Fig. 2B). Persulfate photolysis generates SO;~ (Reaction 1), which
further hydrolyzes to HO® (Reaction 2; k,=6.5x10" M1s1):6465
S,0%2~ - 2505 (R1)

SO;” + OH™ & S0%~ 4+ HO* (R2)
A persulfate dosage equal or higher than 4 mM completely degraded DTPMP in 30
minutes UV irradiation time; however, a persulfate dosage less than 4 mM were not
enough to completely degrade 0.1 mM DTPMP (Fig. 2A), due to an insufficient
generation of reactive radicals via persulfate photolysis (R1 - R2).
SO;"and HO* can be scavenged by persulfate (Reactions 3-4; ks=5.5x10° Ms?;
ks=1.4x10" M1s), respectively,*5% and generate non-reactive persulfate radical
8208--:67,68

S0;~ 4 S,0%™ & S,05 + S02~ (R3)

HO" 4 S,0%~ & S,05 + OH™ (R4)
This scavenging impeded the degradation of DTPMP with increasing persulfate dosage;
therefore, the rate constant of DTPMP degradation increased at a slower pace as the

persulfate dosage increased beyond 4 mM (Fig. 2B). Because more than 90% of DTPMP
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was degraded after 20 minutes of persulfate photolysis with 4 mM persulfate dosage (Fig.
2B), 4 mM dosage of persulfate was chosen for subsequent UV/PS-CDM experiments.
Chemical Demineralization by NaOH Softening

Calcium carbonate is a major precipitate from the brine, and the precipitation of calcium
carbonate is dictated by pH of the solution as a result of carbonate speciation.®® The
saturation index (SI, the logarithm value of the saturation state) of calcium carbonate of
the brine was approximately 1.8 (Fig. S3), indicating precipitation is thermodynamically
favorable (SI > 0). When NaOH is added to the brine to increase pH, chemical

demineralization occurs via calcium carbonate precipitation (Reactions 5-7):

NaOH & Na* + OH™ (R5)
OH~ + HCO; « CO%~ + H,0 (R6)
Ca®* + CO3™ & CaCOs (R7)

Therefore, the saturation index of calcium carbonate mineral increases as pH increases
(Fig. S3). Experimental data showed that total calcium residual in the brine exhibited the
biggest decrease when the brine pH was adjusted to 10.2 during the CDM process (Fig.
3A). When the brine pH increased from pH 7.8 to pH 10.2, the dominant carbonate
species switches from HCO3™ to CO3z?* and promoted calcium precipitation (R5 - R7).

In comparison with the control without UV/PS pre-treatment, the UV/PS pre-treatment
was shortening the settling time of calcium precipitates during the CDM process and
achieved the lowest final calcium concentration (Fig. 3B). In addition, the total calcium
removal from the UV/PS pre-treated brine during the CDM process exhibited similar

reaction kinetics in comparison to the CDM control without antiscalant (Fig. 3B). These
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trends strongly suggested that the degradation of DTPMP during the UV/PS pre-
treatment promoted calcium removal during the CDM process. The presence of DTPMP
has a detrimental effect on the calcium removal and delayed the sedimentation of calcium
precipitates during the CDM (Control without UV/PS pre-treatment in Fig. 3A).
Antiscalants interfere with the complete particle growth by adsorbing onto nucleating
crystals and blocking the crystal growth sites.”®"*

Chemical Demineralization by Lime Softening

Chemical demineralization via lime softening introduces additional calcium in the form
of hydrated lime Ca(OH): into the system and induces calcium carbonate precipitation

(Reactions 8-10):

Ca(OH), & Ca®* + 20H™ (R8)
20H" + 2HCO3 © 2C02~ + 2H,0 (R9)
Ca2* + 2HCO3 + Ca(OH), © 2CaC05(s) + 2H,0 (R10)

Since additional calcium was added for demineralization, total calcium concentration
increased initially during the first one minute and then decreased as reactions took place
(Fig. 4). During the lime softening CDM process, total calcium concentration in the
UV/PS pre-treated brine exhibited the fastest removal in comparison to controls (Fig. 4).
The settling of calcium precipitates mostly took place during the first 3 minutes of the
CDM process. In contrast, no calcium removal was achieved after 15 minutes of CDM
process in the two control experiments.

In addition, as DTPMP was degraded to orthophosphate during the UV/PS pre-treatment,

the formation of orthophosphate accelerated total calcium removal during the CDM
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process. In a separate control experiment by adding orthophosphate to the brine prior to
the CDM process, the effects of orthophosphate addition on the kinetics of total calcium
removal were similar to UV/PS pre-treatment. This behavior was observed for both
NaOH softening (Fig. S5A) and lime softening (Fig. S5B). The formation of
orthophosphate resulted in the supersaturation and precipitation of hydroxyapatite
Cas(P0O4)30Hs) in the brine (saturation index > 14.4), which could accelerate the
nucleation and precipitation of calcium solids. Therefore, the UV/PS pre-treatment both
removed the inhibitive effect of DTPMP on calcium precipitation and accelerated
additional calcium phosphate mineral nucleation, both of which contributed to the total
calcium removal during the CDM process.

The effect of varying UV irradiation time during the UV/PS pre-treatment on total
calcium removal via the CDM process was also investigated. Results showed that an
increase in the UV irradiation time led to better total calcium removal during the NaOH
softening CDM process (Fig. 5A). For the lime softening CDM process, notably a faster
settling was achieved with UV/PS pre-treatment regardless of the UV irradiation time
(Fig. 5B), indicating that a partial degradation of DTPMP also accelerated the
demineralization process.

Microfiltration Performance Following Chemical Demineralization

The CDM-treated brine further underwent an MF process and the effect of UV/PS pre-
treatment on the MF performance was evaluated. Results showed that the MF permeate
flux maintained at a high level and exhibited little decline when the brine was pre-treated

with the UV/PS as the first step (Fig. 6). This trend suggested that the UV/PS pre-
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treatment significantly alleviated particle scaling on the MF membrane surface. Because
the UV/PS pre-treated brine exhibited a fast settling of calcium solids and a majority of
the solids were removed during the first 5 minutes of the CDM process, the combined
UV/PS-CDM treated brine feeding into the MF step had minimal suspended solids.
Consequently, the MF permeate fluxes showed a minimal decline. In contrast, the brine
without UV/PS pre-treatment exhibited a severe flux decline (50% -80% decrease) during
the MF separation (Fig. 6). Without antiscalant degradation by the UV/PS pre-treatment,
a significant amount of precipitates remained after the CDM process in the solution due
to slow settling rate, which induced fouling on the MF membrane by precipitates and
promotes a denser fouling cake.® The less fouling on the MF membrane indicates that
increase in product water yield, less frequent membrane backwashing and replacement,
and reduced MF operation cost.

Engineering Implications on Freshwater Recovery

The application of the UV/PS pre-treatment followed by a CDM process improves the
permeate flux during the MF step due to a low calcium concentration in the MF permeate
(Table S1). The MF permeate can further undergo an additional RO step to recover
freshwater from the sequential UV/PS-CDM-MF treated brine. The extent of water
recovery via this additional RO step is limited by calcite mineral scaling on the RO
membrane, which can be predicted based on the theoretical calculations on the saturation
index (SI) of calcite in the UV/PS-CDM-MF treated brine (i.e., RO feed brine). Details
on the Sl calculations are provided in Text S3 and Table S1. Calcite is oversaturated in

the untreated brackish desalination brine and its oversaturation leads to membrane scaling
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during the RO step and limits water recovery. Specifically, water recovery can be
continuously achieved via the additional RO system in the absence of antiscalant when
the calcite Sl of the feed brine is below zero, i.e., the sequential UV/PS-CDM-MF treated
brine is undersaturated with respect to calcite. Furthermore, additional antiscalant can be
added to the UV/PS-CDM-MF treated brine to alleviate calcite scaling. For a
conservative RO system design, the upper operating limit of calcite Sl is recommended to
be 1.8 for the RO feed water with phosphonate-based antiscalants to avoid extreme
operating conditions or system failure.’

Calculations show that the calcite Sl of the untreated brine (control without treatment),
UV/PS-CDM-MF treated brine (via lime softening during the CDM process) and UV/PS-
CDM-MF treated brine (via NaOH softening during the CDM process) was 1.8, 0.3 and -
0.2, respectively (Fig. 7). This suggests that the untreated brine is an unfavorable
condition for additional water recovery. When an antiscalant is added during the
additional RO step to recover freshwater from the treated brine, the NaOH softening
based UV/PS-CDM-MF treatment train can achieve more than 90% freshwater recovery
until the SI limit (i.e., a value of 1.8) of antiscalant inhibition is reached (Fig. 7).
Similarly, the lime softening based UV/PS-CDM-MF treatment train can achieve more
than 85% freshwater recovery until the SI limit is reached (Fig. 7).

Conclusions

The performance of the sequential UV/PS-CDM-MF treatment train process was
evaluated and compared to control experiments. The results show that the UV/PS-CDM-

MF in combination is a promising inland desalination brine treatment technology to
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remove oversaturated calcium and increase the freshwater recovery potential via an
additional RO step. UV/persulfate process effectively degraded phosphonate-based
antiscalant. In addition, the CDM process after UV/PS pre-treatment achieved faster
settling rate of calcium precipitates due to antiscalant degradation by the UV/PS pre-
treatment. Both NaOH- and lime-softening based CDM methods prevent flux decline
during the subsequent microfiltration step and extend the duration of operation during the
calcium solid/treated brine separation process. The application of the UV/PS-CDM-MF
treatment train process has the potential to remove more than 90% calcium from inland
desalination brine. As a result, a very high-water recovery (>90%) by an additional RO
process is expected. Future work will evaluate the applicability of the UV/PS-CDM-MF-
RO treatment train for freshwater recovery and hardness mineral recoveries from inland
desalination brine.

Supporting information

Please refer to Appendix B for Supporting Information.
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Table 3-1. Chemical composition of brackish water desalination brine solutions.

Synthetic Brine Brine water quality of

Parameter water quality in this  Inland Empire Brine Unit
study Line

Total Dissolved Solids 5900 5100 mg/L
Calcium 660 660 mg/L
Sodium 1260 800 mg/L
Bicarbonate 1300 1300 mg/L
Chloride 2200 2200 mg/L
Antiscalant 155 1 mg P/L
pH 7.8 7.8 -
lonic strength 98" 98 mM
ﬁijlg(te Saturation 18 18 .
Temperature 23 23 °C

*NaClO4 was added to the synthetic brine to reach the targeted ionic strength value.
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Figure 3-1. A schematic of the UV/PS-CDM-MF brine pre-treatment developed in this
study.
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Figure 3-2. Contribution of persulfate dose to DTPMP degradation (A) effect of
UV/persulfate on DTPMP degradation and (B) observed pseudo first-order rates of
DTPMP degradation. Experimental condition: Synthetic brine, [lonic strength] = 98 mM;
[DTPMP]o = 0.1 mM; [Persulfate]o = 2.0 - 5.0 mM; initial pH = 7.8; Error bars represent
the range of values for triplicate tests.
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Figure 3-3. Total calcium concentration of CDM process by NaOH softening with 5 M
NaOH. (A) the CDM process with UV/PS pre-treatment at pH 7.8, pH 9, and pH 10.2;
(B) The CDM process for controls and CDM process with UV/PS pre-treatment at pH
10.2. Note: after chemical addition (time zero), each solution was rapid-mixed at 700 rpm
for 1 minute to allow chemical mixing and precipitation to occur and then sit for 29 mins
for sedimentation (that is, a total elapsed time of 30 mins); Error bars represent the range
of values for triplicate tests.
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Figure 3-4. Total calcium concentration of the CDM process by lime softening (16.5 mM
of Ca(OH). and 11.7 mM of NaHCO3). Note: after chemical addition (time zero), each
solution was rapid-mixed at 700 rpm for 1 minute to allow chemical mixing and
precipitation to occur and then sit for 29 mins for sedimentation (that is, a total elapsed
time of 30 mins); Error bars represent the range of values for triplicate tests.
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Figure 3-5. Total calcium concentration change during the CDM process after 0, 5, 10,
and 20 minutes UV/PS pre-treatment, (A) NaOH softening at pH 10.2; (B) lime softening
(16.5 mM of Ca(OH), and 11.7 mM of NaHCO3). Note: after chemical addition (time
zero), each solution was rapid-mixed at 700 rpm for 1 minute to allow chemical mixing
and precipitation to occur and then sit for 29 mins for sedimentation (Total 30 mins);
Error bars represent the range of values for triplicate tests.
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Figure 3-6. Normalized permeate flux decline as a function of cumulative normalized
volume throughput in the solutions of (A) NaOH softening (5 M NaOH, pH 10.2) and (B)
lime softening demineralization without and with UV/PS pre-treatment.
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Figure 3-7. Calcite saturation index calculations for calcite in the treated brine after
UV/PS-CDM (NaOH softening) and UV/PS-CDM (lime softening). Control stands for no
UV/PS-CDM treatment (direct use of brine). Saturation index calculations were
performed through Visual Minteq (Version 3.1) for a pH of 7.8 with 100% salts rejection
rate at the additional RO process, and input water quality parameters are in Table S1.
Note: the ordinate is a saturation index, and it is a logarithmic number.
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Abstract

Managing inland brackish desalination brine is challenging but critical to future water
security. This study investigated the use of a treatment train with an ultraviolet persulfate
(UV/PS) oxidative pre-treatment followed by chemical demineralization (CDM),
microfiltration (MF) and secondary reverse oasis (RO) to achieve antiscalant degradation,
scale-forming constituent removal, mineral recovery, and fresh water recovery from an
inland brackish RO brine. Results showed that the UV/PS pre-treatment efficiently
degraded the phosphonate antiscalant ubiquitously present in the brine within 20 min of
UV irradiation and improved mineral resource recovery from the brine in a subsequent
CDM process. Analyses of the recovered minerals revealed that calcium, magnesium, and
silica were the major chemical components, and calcite was a major crystallized mineral.
The MF process successfully separated solid and liquid from the CDM process, and MF
membrane fouling potential was significantly reduced with UV/PS-CDM treatment. The
CDM process, coupled with UV/PS pre-treatment, mitigated membrane fouling and
improved fresh water recovery during a subsequent RO step due to the lower magnesium
and silica concentrations and the removal of phosphonate antiscalant. Over 40% of total
dissolved solids in the raw brine (> 2.1 g- L™!) were recovered as mineral resources from
the raw brine, and over 75% fresh water recovery was achieved. The results demonstrated
the benefits and applicability of a persulfate-based photochemical treatment followed by
CDM, MF, and RO for inland brackish water brine treatment and recovery of additional

water.
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Introduction

Climate impact and population growth lead to severe fresh water scarcity worldwide.*
In arid inland areas, including the Middle East and the Southwestern U.S., brackish
groundwater has become an alternative water source to produce potable water via reverse
osmosis (RO) membrane processes.*~’ However, inland brackish water desalination
inevitably generates a large quantity of membrane concentrate, also known as brine,
which accounts for 15% to 60% of the feed water that needs disposal.®*!* The disposal of
inland brine is challenging due to the lack of direct access to ocean outfall, therefore
bearing a high cost and big environmental footprint.1>4 Conventional options for inland
brine treatment include deep well injection, evaporation pond, land application, ocean
discharge via pipeline, and advanced brine treatment. Deep well injection and land
application can induce adverse environmental impacts by increasing salinity and inducing
secondary pollution.*** Evaporation pond is feasible in regions where solar energy is
abundant but requires a large land that prohibits its application in densely populous urban
areas. 13 The use of a brine pipeline connected to ocean outfall bears a high
infrastructure cost and faces severe pipeline scaling issues.'®1°

Advanced brine treatment includes membrane-based (e.g., RO and electrodialysis) and
thermal-based processes (e.g., crystallizer and evaporator). The RO process can be
applied to feed salinity up to 70 g- L"*and achieve up to 50% water recovery with 2 — 6
kWh - m= energy consumption, but it is not effective as a stand-alone technology, and
membrane fouling is a major obstacle.?’ Electrodialysis (ED) uses an electrical driving

force to separate dissolved ions through ion exchange membranes. ED has been widely
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used for RO concentrate treatment and is able to concentrate feed waters to over 100 g- L
Lsalinity with 7 — 15 kWh - m™ energy consumption.?! However, high concentrations of
antiscalants and fine organics could lead to fouling.???® Evaporators, such as multi-stage
flash, multi-effect distillation, and mechanical vapor compression, evaporate saline water
and recondense vapors as fresh water. These thermal processes are effective technologies
to achieve zero liquid disposal for up to 180 g- L salinity but require a high specific
energy consumption (7 — 39 kWh - m3).212425 Brine crystallizer can be applicable to feed
salinity up to 300 g- L and may recover up to 99% of water but requires high capital
and operation costs as well as high energy input (52 — 70 kWh - m=).26 Membrane
distillation (MD) process, a thermally driven membrane separation process, can treat
feedwater salinity up to 350 g- L™ and achieve 90% fresh water recovery with 39 — 67
kWh - m™ energy consumption.?” But it requires multi-stage processing to achieve near-
zero discharge.?282° Therefore, a more sustainable brine treatment is needed for inland
brine treatment.

Inland brackish RO brine has a unique chemistry — containing a high level of various
scale-forming ions, including calcium and magnesium, and an elevated level of salinity,
with the total dissolved solids (TDS) concentration ranging from 5 to 15 g- L™*. More
importantly, the inland brine is often oversaturated with respect to calcium and
magnesium hardness minerals. This is due to the presence of antiscalants that are added
to the feedwater during the RO process to prevent membrane scaling of hardness
minerals. Antiscalants are typically composed of phosphonate, which has a significant

inhibition effect on the hardness of mineral precipitation. The typical dosage of
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phosphonate antiscalant in RO feedwater ranges from 1-10 mg- L. The concentration of
antiscalants in the brine can be several times higher than that in the RO feed due to the
concentration effects via the RO process. The existence of a high concentration of
residual antiscalants in the brine not only inhibits the removal of scale-forming ions and
recovery of hardness minerals during the treatment, but also increases the risk of
biofouling during the secondary RO process for additional water recovery, %032
Therefore, future sustainable brine treatment needs to consider the fate and removal of
antiscalants for hardness mineral recovery.

Additionally, fresh water recovery from inland brine can be achieved by secondary
membrane separation processes subsequent to the removal of scaling hardness minerals.
For example, chemical precipitation and crystallization can recover minerals from RO
brine. Prior studies investigated combined treatment trains to achieve both water and
resource recovery from RO brine, including electrodialysis reversal with a crystallizers®3*
membrane distillation crystallization®® and RO with chemically enhanced seeded
precipitation.2*® However, the effects of the removal of antiscalants from RO brine on
water and resource recovery remain largely unknown.

Advanced oxidation processes (AOPs) have been recently investigated to degrade
phosphonate-based antiscalants. Among various AOPs, an ultraviolet-driven persulfate
oxidation process (UV/PS) has attracted significant scientific interest for the destruction
of organic compounds in the aquatic system and shown the potential to remove
phosphonate antiscalants effectively.3"~4° UV photolysis of persulfate (S.0s>) generates a

strong oxidant — a sulfate radical (SO4™) — similar in oxidizing power (E° = 2.5-3.1 V)
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to HO" (E° = 1.9-2.7 V), and more selective than HO" toward organic pollutants. Once the
antiscalants are degraded via UV/PS, precipitation of scale-forming ions including
calcium and magnesium can be enhanced via a chemical demineralization (CDM)
process.*! Precipitation of calcium and magnesium (major cations in brine) is primarily
controlled by solution pH.*?** During the CDM process, supersaturation levels of scale-
forming ions decrease by increasing the solution pH to the alkaline pH, and precipitates
are recovered as mineral resources. Benefitting from hardness ions removal, the RO brine
will have a significantly less scaling potential and, therefore, can undergo a secondary
RO for additional fresh water recovery. Until now, the application of the CDM process
with UV/PS pre-treatment on real inland brackish desalination brine has not been
investigated.

Accordingly, the objectives of this study were to: (1) develop a treatment train by a
sequential combination of UV/PS pre-treatment, a CDM process, microfiltration (MF)
and RO to achieve antiscalant degradation, hardness mineral recovery, and fresh water
recovery from an inland brackish desalination brine; (2) optimize the UV/PS pre-
treatment to degrade antiscalant in real brine, including the persulfate dosage and UV
irradiation time; (3) evaluate the effects of UV/PS pre-treatment on the subsequent CDM
process with respect to mineral resource recovery; and (4) maximize fresh water recovery

from the RO brine.
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Materials and Methods

Sampling of Brackish RO Brine

Inland brackish RO brine samples were collected from the Arlington Desalter (DWTP #1,
discussed in Chapter 2) in Riverside, California via six sampling events from September
2020 to January 2021. The brine sample contains a phosphonate antiscalant (Pretreat
Plus® Y2K, King Lee Technologies, San Diego, CA) enriched from the primary RO
desalination process. A 40-L fresh brine sample sealed without headspace was collected
and used for experiments within three days. Water quality parameters were measured,
including pH, alkalinity, cation and anion concentrations. Based on the measured water
quality of RO brine, thermodynamic calculations using Visual Minteq were performed to
predict the oversaturated minerals of the raw brine and brine at pH 10.2 in the absence of
antiscalants. Specifically, the chemical composition of the brine was the input parameter
to the chemical model in a closed system. The predicted oversaturated solids were
subsequently selected and the theoretical type and amount of solid formation in the brine
at equilibrium were calculated.

Experimental Details on Brine Treatment

UV/PS experiments were conducted in a 4-L UV reactor equipped with a 450W medium
pressure UV immersion lamp (Ace Glass Inc.). All chemical solutions were prepared
using Milli-Q water (18 MQ-cm resistivity at 25°C). To start an experiment, 0.5 -4 mM
persulfate was added into 3.5-L brine in the UV reactor. 3-mL samples were withdrawn
by pipette from the reactor at designated UV irradiation time intervals for chemical

analysis that lasted up to 30 min.
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CDM experiments were conducted using a 3.5-L brine that had been treated for 20 min
by UV/PS with 1 mM persulfate. In addition, CDM control experiments were conducted
using the raw brine without UV/PS pre-treatment. To start a CDM experiment, the
UV/PS treated brine or raw brine was transferred to a 4-L reactor. The brine pH was first
increased to 10.2 with 5 M NaOH, note that pH 10.2 is where the plateau of the calcium
carbonate saturation index in the brine started. The brine was then rapidly mixed for 1
minute at 700 rpm with a stir bar to promote chemical mixing and mineral precipitation,
followed by a 30-min stagnation period to facilitate the settling of precipitates. At
targeted time intervals during the stagnation period, 3-mL aliquots of the supernatant
were withdrawn 3 cm below the water surface with a pipette, immediately acidified with
concentrated HNOs3, and analyzed for the major hardness ions. At the end of the
stagnation period, all supernatant from the reactor was collected and filtered with a 0.45-
m polyvinylidene fluoride membrane (MF process). The filter-retained precipitates were
dried at 105 °C for 24 hours and preserved for further characterization.

A 3.5-L of the filtered solution (defined as CDM treated brine) was subsequently used as
feedwater to the subsequent secondary RO process. Before the RO step, the pH of the
CDM treated brine was adjusted with 5 M HCI to pH 7.8 which is the same pH of raw
RO brine or pH 5, which is the lowest allowable pH for antiscalant application.** CDM
treatment brine without pH adjustment (pH 10.2) was also used as feedwater. In addition,
a RO control experiment was conducted using the raw brine (pH 7.8). A crossflow
system with brackish desalination RO membranes (BW30LE, DuPont FilmTec, Edina,

MN) was used and operated at a constant pressure of 150 psi for 24 hours in partial
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recycling mode (details provided in Text S1). The RO permeate was collected and its
mass was continuously measured by an electronic balance and converted to normalized
permeate water flux and fresh water recovery rate (details provided in Text S2). In
addition, 3-mL samples of feedwater and permeate were collected at targeted time
intervals during the RO step and acidified with HNO3z for analysis of calcium,
magnesium, sodium, and TDS. Fig. 1 shows the schematic diagram of the suggested
system (UV/PS-CDM-MF-RO).

Analytical Methods

Alkalinity of the raw brine was measured by titration based on Standard Method 2320B.
The concentrations of chloride, nitrate, ammonium, and sulfate ions in the RO brine were
determined using an ion chromatography (Dionex 1CS-1100, Thermo Scientific,
Sunnyvale, CA) following Standard Methods 4110B. The concentration of persulfate was
determined by a standard colorimetric method using potassium iodide. The phosphonate
antiscalant concentration in the brine sample was quantified by converting it to
orthophosphate via persulfate photolysis and measuring the product of orthophosphate
(Fig. S2). The concentration of orthophosphate was measured by Standard method 4500-
P E. Calcium, magnesium, and silica were measured using an inductively coupled plasma
mass spectrometry (ICP-MS, Agilent 7700 Series, Santa Clara, CA). Triplicate
measurements of each sample were conducted for all chemical parameters. TDS was
measured using a TDS meter (3200, YSI Inc., Yellow Spring, OH).

The weight of dried precipitates collected from the CDM experiment was measured by a

precision balance. The crystal structure of recovered minerals was determined by X-ray
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diffraction analysis (XRD) with Cu Ka radiation (Empyrean Series 2, Malvern
Panalytical, United Kingdom), and chemical composition was evaluated by surface-
sensitive X-ray photoelectron spectroscopy (XPS, Kratos AXIS Ultra DLD, Shimadzu,
Japan). Detailed information on the XRD and XPS measurements are provided in Texts
S3. In addition, 50 mg of the minerals were digested by Standard Method 3005A.
Concentrations of calcium, magnesium and silica in the digested solution were measured
by ICP-MS.

Results and Discussion

Phosphonate Antiscalant Degradation by UV/persulfate

The major chemical constituents of the raw inland brackish RO brine used in this study
are displayed in Table 1. The brine pH was 7.8 with an average TDS of 5250 246 mg-
L1 and alkalinity of 1560 +34 mg- L™t as CaCOs. The major cations were calcium,
magnesium, and sodium. The major anions were bicarbonate, sulfate, nitrate, and
chloride. Sources of the hardness ions and bicarbonate were from mineral dissolution and
equilibration with the groundwater in the aquifer. Historical agricultural activity and
long-term fertilizer application in the region of this study also introduced nitrate to the
groundwater and, consequently, to the brine. The average concentration of phosphonate
antiscalant in the brine was 23 mg- L, corresponding to 1 mg P- L (Fig. S2).
Thermodynamic calculations based on the chemical composition of the RO brine
indicated that calcite (CaCOs()), dolomite (CaMg(CO3)2s)), and Silica (SiO2)) were

supersaturated (Table S2).
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UV/PS pre-treatment degraded phosphonate antiscalant to orthophosphate and exhibited
distinct kinetics with different persulfate dosages (Fig. 2A). For example, a persulfate
dosage >1 mM degraded 100% of phosphonate within 20 min of UV irradiation;
however, 0.5 mM persulfate was not sufficient to fully degrade the residual antiscalant in
the RO brine. The generation of orthophosphate followed a pseudo-first-order kinetics
model with rate constants between 0.18 and 0.39 min™* that increased non-linearly with
the increase of persulfate dosage indicating that the degradation rate decreased at higher
persulfate dosage (Fig. 2B).
Persulfate is photolyzed directly to sulfate radicals (S0;~) (Eg. 1), which further undergo
hydrolysis to form hydroxyl radical (HO*®) (Eq. 2, k = 6.5x107 M1s1) 394
S,0%~ - 2505~ (11)

S0;~ 4+ OH™ & S0~ + HO® (12)

Both SO;~ and HO* degrade phosphonate antiscalants with second-order reaction rate
constants of (2.940.6)<10" M1s™ (Eq. 3) and (1.140.1)<10® M1s? (Eq. 4), respectively.®
S0,;~ + phosphonate antiscalant — degradation products (13)

HO"* +phosphonate antiscalant — degradation products (14)
Both SO;~ and HO" can be scavenged by persulfate and generate a non-reactive
persulfate radical (S20s™). The second-order rate constant is 5.5x<10° Msand 1.4x10’
M-1s? for sulfate radical and persulfate reaction (Eq. 5) and hydroxyl radical and
persulfate reaction (Eq. 6), respectively.4647

SO.™ + S,02~ & S,05™ + SO~ (15)
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HO® + 5,05~ & S,05” + OH™ (16)
An increase in persulfate dosage promotes the scavenging of the reactive radicals (Eq. 5
and 6); therefore, the correlation between the antiscalant degradation rate constant and
the persulfate dosage deviated from linearity at a dosage higher than 2 mM (Fig. 2B).
Therefore, 1 mM persulfate with 20 min of UV irradiation was employed to achieve the
highest efficiency and the most efficient utilization of persulfate, leaving only 5%
persulfate residual in the UV/PS treated brine (Fig. S3).
Removal of Hardness Ions from the Brine by Chemical Demineralization
During the CDM process, the pH of the UV/persulfate pretreated RO brine was raised
from 7.8 to 10.2 with NaOH, leading to a shift in the bicarbonate equilibrium to
carbonate (Eq. 7). As a result, calcium carbonate precipitation actively occurred (Eqg. 8,
Ksp = 8.7%107° at 25 °C) and magnesium also interacted with carbonate to form
magnesium carbonate (Ksp, = 110 at 25°C). In addition, carbonate and hydroxide ions
react with magnesium and calcium to form magnesium hydroxide (Eq. 9, Ksp = 8.9%<1012
at 25°C) and calcium-magnesium carbonate (Eq. 10, Ksp = 2.9%1077 at 25°C). Among
possible magnesium precipitates, magnesium carbonate is highly soluble under the
experimental condition.*® Therefore, magnesium hydroxide and calcium-magnesium

carbonate precipitates were expected in UV/PS-treated brine at pH 10.2.

OH™ + HCO3 « COZ~ + H,0 (17)
Ca?* + C0%~ & CaCOy, (18)
Mg** + OH™ < Mg(OH), (5 (19)
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xCa®* + yMg** + (x + y)C05™ & CaxMgy, (CO3) (x4y)(s) (20)
UV/PS pre-treatment improved the removal of hardness ions from the brine when the
CDM process was conducted at a pH of 10.2. When applied, calcium removal was
approximately 16% more effective during the first 5 mins of the CDM process (Fig. 3A),
and the overall magnesium removal improved by 13% (Fig. 3B). UV/PS pre-treatment
degraded phosphonate antiscalant and removed its inhibitive effect on hardness ion
precipitation. As a result, more magnesium precipitation occurred in the CDM process
with UV/PS pre-treatment. In addition, there was no persulfate residual in the UV/PS-
CDM treated process, indicating residual persulfate from the UV/PS pre-treatment is
completely utilized during the CDM process.

Mineral Recovery after Chemical Demineralization

CDM with UV/PS pre-treatment resulted in the mineral recovery of over 40% of total
dissolved solids (over 2.1 g- L) and 5% more mineral resource recovery than the control
without UV/PS pre-treatment (Fig. 4), which was consistent with the removal efficiencies
of calcium and magnesium during the CDM step in Fig. 3. Thermodynamics calculations
show that CaCOss), CaMg(COs)2(s), and SiOzs) were the projected minerals from brine in
the absence of phosphonate antiscalant (Table S2). Based on thermodynamics
calculations, calcite accounted for more than 50% of the dry mass in the recovered
minerals and dolomite and silica were second and third major precipitates (Fig. 4). The
percentage of magnesium and silica in the recovered mineral increased by approximately
40% and 25%, respectively, when the CDM process was coupled with a UV/PS pre-

treatment in comparison to without UV/PS pre-treatment (Fig. 4). Other minor
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compositions were expected as sodium chloride and carbonate salts. XRD analysis also
confirmed the existence of calcite as the major mineral recovered from the CDM process
both with and without UV/PS pre-treatment (Fig. S4). XPS analysis confirmed that
calcium, magnesium, silica, sodium, carbon, and oxygen were the major elements in the
precipitates recovered from the CDM process (Fig. S5). Degradation of phosphonate
antiscalant via UV/PS likely affected the precipitation kinetics of magnesium and silica
solids to a larger extent than calcium solids, and consequently resulted in more
magnesium and silica removal from the brine.

Fresh Water Recovery from the Brine Following UV/PS and CDM

The supernatant of the treated brine after the CDM step was subject to a sequential
combination of MF and RO membrane separation to recover additional fresh water.
Results showed that the CDM process with UV/PS pre-treatment was most effective in
recovering fresh water from the brine while experiencing the least membrane flux decline
at the same water recovery rate (Fig. 5). At the start of RO operation, the permeate flux
without any pre-treatment (control, raw brine) decreased immediately, indicating that the
presence of scale-forming ions in the untreated brine led to mineral scaling of the
membrane. In contrast, the application of UV/PS pre-treatment with the CDM process
prior to RO showed less permeate flux decline than control at all pHs and even less
permeate flux decline than only CDM pre-treatment at pH 7.8 and pH 10.2 (Fig. 5). The
CDM process removed the scale-forming ions and induced slower mineral scaling on the

membrane surface.
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For the RO feed solution from the CDM process with UV/PS pre-treatment, overall water
recovery was 59%, 77%, and 75% at feedwater pH of 10.2, pH 7.8 and pH 5, respectively
(Fig. 5). On the other hand, the CDM process without UV/PS pre-treatment, overall water
recovery was much lower at 44%, 56% and 74% at pH of 10.2, pH 7.8, and pH 5,
respectively. More water recovery was achieved when the RO feedwater pH was lowered
to 5, mainly due to the absence of carbonate ions, which is a major scaling inducer.
However, the RO feed solution from the CDM process with UV/PS pre-treatment
achieved similar overall water recovery at pH 7.8 and pH 5, suggesting it is less sensitive
to pH (Fig. 5); therefore, pH 7.8 will be desirable for UV/PS-CDM treated brine and
fewer acid consumption is expected for pH adjustment of the RO feed water.

Calcium, magnesium, and sodium removal efficiencies and permeate TDS achieved by
RO with UV/PS-CDM pre-treatment or CDM-only pre-treatment are shown in Table S3.
TDS of the RO permeate was below 500 mg-L, which meets the secondary drinking
water quality standards of the U.S. EPA. The removal efficiencies of calcium,
magnesium, and sodium were similar regardless of UV/PS pre-treatment. Under the
laboratory setup, membrane fouling increased with time and the feed water became
concentrated; however, the measured removal rates were consistent throughout the RO
operation, suggesting that the fouling layer and feed concentration had little impact on the
efficiency of ion removal.

Implications

A treatment train with UV/PS pre-treatment-CDM-MF-RO achieved antiscalant

degradation, resource recovery and fresh water recovery from an inland brackish
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desalination brine. The estimated specific energy consumption for the whole system is
16.7 — 18.7 kWh - m™ (details provided in Text S5), which is lower than the energy
consumption of thermal brine treatment processes, such as evaporator, brine crystallizer,
and membrane distillation. The experimental results confirmed that the brine treatment
system is a promising technology to recover additional water and mineral resources. The
CDM process with UV/PS pre-treatment resulted in greater magnesium and silica
removal efficiencies due to phosphonate antiscalant degradation and mitigated membrane
fouling in the secondary RO process due to the lower concentration of magnesium, silica,
and phosphonate antiscalant in the RO feed solution. In addition, the UV/PS pre-
treatment and CDM produced an RO feed water that resulted in high water recovery at
neutral pH; therefore, less acid is needed for pH adjustment of the feed water and to add
additional base to the RO permeate to bring the pH to between 6.5 and 8.5, the
recommended pH range by the United States Environmental Protection Agency and
World Health Organization. Collectively, the suggested system in this study can help
achieve a near zero liquid discharge goal in the inland brackish water treatment plant and
improve the sustainability of the desalination plant.

Supporting Information

Details of bench-scale reverse osmosis system, normalized permeate water flux
calculation, chemical analysis on the recovered minerals from the brine, and XPS and
XRD results of recovered resources from the CDM process are provided in the

Supporting Information (Appendix C).
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Table 4-12. Major chemical constituents of the inland brackish RO brine.

Chemical Parameter Values Unit
Ca?* 830 +20 mg/L
Mg** 310 £10 mg/L
Na* 580 +50 mg/L
Ba* 0.2 +0.04 mg/L
H4Si04 51 +2 mg Si/L
S04 709 +13 mg/L
CI 816 +19 mg/L
NO3" 81 +2 mg N/L
POs* 0.120.04 mg P/L
Phosphonate antiscalant 1 mg P/L
Alkalinity 1560 +34 mg/L as CaCOs
TDS" 5250 +246 mg/L
DOC 59=+0.1 mg C/L
pH 7.8+0.1 --
Conductivity 7.53 £0.34 mS/cm
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Figure 4-2. Antiscalant degradation by UV/persulfate treatment (A) effect of UV
irradiation time and (B) observed pseudo-first-order rates of antiscalant degradation.
Experimental condition: [Persulfate]o = 0 — 4.0 mM; initial pH = 7.8. Note: Final
orthophosphate concentration = 1 mg/L and orthophosphate concentration was measured
as an indicator of phosphonate antiscalant degradation.’**° Error bars represent the range
of values for triplicate tests.
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recovered mineral amount calculation procedure is described in Text S4.
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Figure 4-5. Normalized permeate flux decline as a function of water recovery for RO
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process without UV/PS pre-treatment and UV/PS-CDM indicates the CDM process with
UV/PS pre-treatment. The RO process was operated for 24 hours in a closed-loop
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Abstract

Agricultural drainage water has great potential as a freshwater supply via reverse osmosis
(RO) membrane desalination. However, high calcium and sulfate concentrations in the
drainage water lead to gypsum (CaSOQau)) scaling during the RO process. This study
investigated the effects of three antiscalants, i.e., two phosphonate-based (DTPMP and
NTMP) and one polymer-based (PAA), as well as pH and natural organic matter (NOM)
on alleviating gypsum scaling during RO desalination of drainage water and illustrated
the gypsum inhibition mechanism of three antiscalants. Results showed that 1 UM of
DTPMP was sufficient to prevent gypsum scaling within 24 hours of RO desalination,
while both NTMP and PAA required 5 M of dosage. At acidic pH 3, the permeate flux
with 5 pM of DTPMP remained relatively stable, whereas the flux with NTMP and PAA
decreased by 35% and 80% respectively. Furthermore, the presence of NOM did not
significantly affect the antiscalant inhibitive capacity. The gypsum inhibition mechanism
of DTPMP and NTMP was primarily contributed by negative charge repulsion, with
higher pH increasing the total charge of antiscalant aqueous species, thereby
strengthening the repulsive forces among calcium, sulfate, and gypsum nuclei. In
contrast, PAA's gypsum inhibition mechanism involved both negative charge repulsion
and crystal lattice distortion, which distorted gypsum crystals into irregular shapes and
smaller sizes, preventing the formation of large-size gypsum precipitates under neutral
and alkaline conditions, but deteriorating membrane scaling under acidic conditions.

Ultimately, an ideal antiscalant for preventing gypsum scaling during RO desalination of
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agricultural drainage water would preserve higher negative charges without changing
precipitate morphology.
Keyword:

Desalination, agricultural drainage water, antiscalant, gypsum scaling, charge repulsion
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Introduction

Fresh water scarcity has increasingly posed risks to agricultural irrigation and food
production worldwide.*® Meanwhile, agricultural irrigation accounts for up to 85% of
total global water consumption and generates drainage wastewater from crop field
irrigation.*® This drainage water can potentially be treated and reused as an alternative
freshwater resource; however, it is chemically unique, characterized by high salinity and
elevated hardness. High salinity is primarily contributed by interactions with saline soil
and evaporation. The total dissolved solids (TDS) of agricultural drainage water ranges
from 3000 to 30000 mg/L.% Major chemical constituents include hardness ions, sodium,
sulfate and chloride. The calcium concentration of hardness ions ranges from 200 to 600
mg/L, and the sulfate concentration ranges between 2000 to 20000 mg/L.® Without
appropriate treatment and reuse, the discharge of drainage water deteriorates soil
productivity and creates environmental hazards.

Desalination of drainage water via reverse osmosis (RO) can produce fresh water;’°
however, high concentrations of calcium and sulfate in the drainage water lead to
oversaturation and precipitation of CaSOas), a mineral known as gypsum, on the
membrane surface, inducing severe membrane scaling and paralyzing the desalination
process.!! To alleviate membrane scaling, antiscalants are added to the feedwater to delay
mineral precipitation and increase RO permeate flux.'>® There are two most common
types of antiscalants based on the active functional groups: phosphonate and polymeric
antiscalants.*’~?! Phosphonate antiscalants contain —C-PO(OH)2 functional groups with a

core covalent carbon-phosphorus (C-P) bond framework.?? Typical phosphonate
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antiscalants include nitrilotri-methylphosphonic acid (NTMP) and
diethylenetriaminepentakis-methylphosphonic acid (DTPMP). Polymeric antiscalants
contain —R-COOH carboxylic functional groups on a polymeric backbone, with
polyacrylic acid (PAA) being the most typical one.?* Different mechanisms of antiscalant
inhibition have been reported. For example, both polymeric and phosphonate antiscalants
were reported to complex with mineral cations, preventing it from forming crystals with
anions.?>2° Carboxylate polymetric antiscalants were reported to strongly affect CaCOs
crystallization and morphology.?® Another study revealed that polyacrylate antiscalant
adsorbed onto the calcite surface or complexed with calcium. This process generated
negative charge and repulsive forces, facilitating the dispersion of small calcite crystals
or the dissociation of calcium cations and carbonate anions.?” Despite this, the inhibition
mechanism of DTPMP, NTMP and PAA on gypsum scaling during drainage water
desalination remains unclear.

The type and concentration of antiscalant directly affect its inhibitive performance on
membrane scaling; however, the effects of phosphonate and polymeric antiscalants on
gypsum scaling during the desalination of drainage water remain unexplored. Prior
studies focused on different antiscalants, including commercial antiscalants whose
compositions are confidential, and scaling of minerals not associated with agricultural
drainage water, such as calcium carbonate, calcium phosphate or hydroxyapatite.?®3? In
other instances, DTPMP was reported to exhibit the longest induction time to delay
hydroxyapatite precipitation among phosphonate antiscalants,?® but its effect on gypsum

remains unknown. Therefore, it is important to comparatively investigate commonly used
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phosphonate and polymeric antiscalant (DTPMP, NTMP and PAA) on gypsum scaling
inhibition during the drainage water RO desalination.

Furthermore, feedwater pH affects the chemical speciation of antiscalant and
consequently its inhibitive performance; however, the underlying mechanism of pH
effect on antiscalant inhibitive capacity has not been fully evaluated. For example, one
study found that with a commercial antiscalant (PermaTreat PC-504), flux decline at pH
5.5 is four times higher than that at pH 7.7 after 24 hours of drainage water
desalination.® Another study suggested that acidic pH leads to protonation of commercial
phosphonate antiscalant (PC-191) and increases the precipitation rate of gypsum.®*
Therefore, it is critical to quantitatively illustrate the mechanism of pH effect on the
gypsum inhibitive capacity of antiscalants in drainage water RO desalination.

In addition, natural organic matter (NOM) up to several mg/L can exist in agricultural
drainage water, but its interaction with antiscalants and its impact on the inhibitive
capacity remain unknown. Prior studies mainly evaluated biologically derived organic
matter such as alginate and bovine serum albumin on gypsum scaling. For example,
alginate was reported to worsen RO flux decline during gypsum-dominated feedwater
desalination.®>% Contrarily, alginate was also reported to alleviate gypsum scaling at low
concentration.®”® The effect of terrestrial NOM remains unknown.

Accordingly, this study had several objectives. Firstly, it aimed to investigate the dosage
effects of three most typical antiscalants (DTPMP, NTMP and PAA) with two most
representative functional groups. Secondly, it examined the effect of feedwater pH and

the presence of NOM on alleviating gypsum scaling during agricultural drainage water
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RO desalination. Thirdly, it elucidated the mechanism of antiscalant inhibitive capacity
on gypsum precipitation under different chemical conditions. At last, it established a
chemical equilibrium model to quantify the antiscalant molecular speciation and its
inhibitive capacity.

Methods and Materials

Chemicals and Materials

Three antiscalants - NTMP, DTPMP and PAA were purchased from Sigma-Aldrich.
Their molecular structures were provided in Table S1 in the supporting information (SI).
To evaluate the effects of antiscalants on membrane scaling, two types of synthetic
agricultural drainage water were prepared based on previously reported drainage water
chemistry from the Central Valley, Calif.® The detailed chemical composition is listed in
Table 1. Specifically, synthetic drainage water | was prepared using only CaCl, and
Na>SO4 and used for experiments investigating the effects of antiscalant type and dosage,
feedwater pH and NOM on gypsum scaling. Synthetic drainage water Il was prepared
using a comprehensive list of chemicals to examine the performance of optimized
antiscalant condition during RO desalination of drainage water.®

Experimental Setup and Design

A lab-scale recirculation mode RO desalination unit was built for the experiments, with
detailed components and preparation outlined in SI (Text S1 and Figure S1). A
polyamide RO membrane (BW30XFRLE, FilmTec™) was selected for all RO
experiments. This membrane is commercially available and widely used in the industry

and using the same RO membrane with a negative surface charge offset the effect of the
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membrane in the subsequent discussion of antiscalant effect.>**° To understand the effect
of antiscalant type and concentration, RO experiments were conducted in the
recirculation mode, using synthetic drainage water | as the feedwater and dosed with one
of the three antiscalants (DTPMP, NTMP or PAA) at a dosage ranging from 0.5 to 5 M.
This concentration range falls within the typical range of antiscalant concentrations used
in RO applications.?® To understand the effect of drainage water pH, additional RO
experiments were conducted using synthetic drainage water | with pH ranging from 3 to
11. All antiscalant dosages were selected at 5 M, which is the threshold concentration of
NTMP and PAA, to exclude the effect of antiscalant concentration and to better illustrate
the effect of acidic pH. The pH was adjusted before the RO experiments using 5 mM HCI
or NaOH, and it remained relatively stable throughout the 24-hour RO desalination. To
understand NOM effect, additional RO experiments were conducted using synthetic
drainage water | with 5 mg C/L Suwannee River NOM (IHSS, 2R101N) as the feedwater,
and the DTPMP dosage was controlled at 1 M. Furthermore, to investigate the
effectiveness of optimized antiscalant conditions, RO experiments were conducted using
synthetic drainage water 11 with a DTPMP dosage of 1 M.

Each desalination experiment was conducted for a duration of 24 hours. 3 mL of RO
feedwater and permeate samples was collected at 0 and 24 hours, filtered through 0.22-
pm filters to measure dissolved calcium concentrations. In selected PAA experiments,
unfiltered feedwater samples were withdrawn using a syringe from the feedwater
reservoir after 12 hours of desalination for particle size measurement. All aqueous

samples were prepared in duplicate and analyzed within 24 hours. At the end of the RO
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experiments, the RO membrane was preserved and dried in a desiccator at 25 °C, and the
scaling layer was analyzed through membrane surface characterization within 24 hours.
Analytical Methods

Real-time RO permeate flux was calculated by continuously measuring the weight of RO
permeate and converting it to volume-based values. The normalized permeate flux was
calculated by dividing the permeate flux at any given time during the RO experiment by
the flux at the beginning of the experiment. The dissolved calcium concentration in the
permeate and feedwater samples was measured using Inductively Coupled Plasma Mass
Spectrometry (ICP-MS, Agilent 7700 series). The concentration of precipitated calcium
as solid was calculated as the difference between the initial total calcium concentration in
the feedwater and the total dissolved calcium concentration at any given time during the
RO experiment. The particle size of gypsum precipitates in the feedwater after 12 hours
of desalination was measured using Dynamic Light Scattering (DLS, Malvern Zetasizer
Nano ZS90). The membrane surface scaling layer was characterized by Scanning
Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS)
(TESCAN Vega3 SBH).

Results and Discussions

Effect of Different Antiscalant on Gypsum Scaling

Among the three antiscalants, DTPMP exhibited the strongest inhibitive capacity on
gypsum scaling, while NTMP demonstrated the weakest inhibitive capacity. In the
recirculation mode of the desalination process, flux will naturally decline due to

increasing ionic strength of feedwater. Figure 1A showed that, in the presence of 1 pv
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DTPMP, the desalination of drainage water exhibited the smallest flux decline rate
among the three antiscalants. In contrast, NTMP and PAA demonstrated unique flux
decline due to the onset of gypsum precipitation, as the flux decline rate dramatically
increased during the 24 hours of desalination. The flux with PAA started to drop
significantly at a much later time than that with NTMP, indicating that PAA has a
stronger ability to delay gypsum precipitation than NTMP. Furthermore, the flux decline
with PAA was more rapid than that with NTMP after 15 hours of desalination when
gypsum started to precipitate. Ultimately, the flux with both NTMP and PAA reached a
stable low level, similar to the antiscalant-free scenario.

To evaluate the effectiveness of different antiscalants, a normalized permeate flux
percentage was calculated as the normalized flux with different antiscalants after 24
hours of desalination with respect to the flux with DTPMP. A low percentage indicates
weaker antiscalant inhibitive capacity compared to DTPMP at the same concentration.
Figure 1B showed that at 5 M antiscalant concentration, all three antiscalant exhibited
similar inhibitive capacity. When antiscalant concentration decreased to 1 M, the
normalized permeate flux percentage with PAA or NTMP declined to around 75%, which
was much lower compared to that with DTPMP. When antiscalant concentration further
decreased to 0.5 M, the normalized permeate flux percentage with NTMP slightly
decreased to 70% while that with PAA decreased to approximately 55%. Although the
permeate flux performance with 0.5 pM DTPMP is similar to that with 1 M DTPMP,
approximately 5% calcium precipitation was observed after 24 hours (Figure S2D).

Therefore, the threshold concentration of DTPMP was determined as 1 UM due to a
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complete inhibition of gypsum scaling. This value is the lowest compared to that of the
other two antiscalants (5 pM). The results confirmed that DTPMP has the strongest
inhibitive capacity on gypsum scaling among the three antiscalants, and PAA at low
concentrations can induce a more severe permeate flux decline compared to the others.
Membrane Scaling Surface Characterization

Membrane scaling surface characterization showed that the addition of 1 M DTPMP
during drainage water desalination prevented the formation of membrane scaling layer,
while the addition of 1 M NTMP or PAA was unable to prevent scaling layer formation.
Specifically, no gypsum scaling layer was observed after 24 hours of desalination in the
presence of 1 M DTPMP (Figure 2A). In contrast, the gypsum scaling layer observed
with 1 pM NTMP was dominated by large and long prismatic gypsum precipitates with
sizes of 100-150 pm (Figure 2B), while the scaling layer observed with 1 pM PAA
mostly consisted of condensed small particles with sizes of 5-15 pm (Figure 2C). The
morphology of the gypsum scaling layer formed in the control without antiscalant
addition is similar to that in the presence of 1 M NTMP (Figure 2D). Elements of
calcium, sulfur, and oxygen were identified by EDS in the membrane scaling layer
formed in the presence of 1 M NTMP or PAA, while no calcium element was detected
on the membrane surface with 1 piM DTPMP (Figure S3). The chemical composition of
the surface scaling layer further confirmed gypsum as the main precipitates on the
membrane scaling layer (Table S2). The results confirmed that DTPMP was the most

effective antiscalant, and PAA promoted the formation of a more condensed scaling
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layer, which was consistent with the observed higher flux decline in the presence of PAA
when gypsum precipitation started (Figure 1A).

Effect of pH on Gypsum Scaling

Experimental results showed that an increase in pH was beneficial to antiscalant
inhibitive capacity and enhanced RO performance, while an extremely acidic pH lower
than 4 compromised antiscalant effectiveness and desalination performance. Specifically,
among the three antiscalants, the inhibitive capacity of DTPMP exhibited the strongest
resistance to pH changes, while PAA inhibitive capacity was the most sensitive one to
feedwater pH. Figure 3A showed, in the presence of 5 M DTPMP, the normalized RO
permeate flux after 12 hours of desalination did not change significantly as pH decreased
from 11 to 3. In contrast, in the presence of 5 M NTMP or PAA, the normalized
permeate flux was stable when the feedwater pH decreased from pH 11 to 4 but exhibited
a dramatic decrease when the feedwater pH further decreased from 4 to 3. Normalized
RO permeate flux after 24 hours showed a similar trend (Figure S4). Specifically, the flux
at 12 hours of desalination declined approximately 35% from pH 4 to 3 in the presence of
NTMP and declined approximately 80% in the presence of PAA. In addition, 24-hour
flux decline with DTPMP did not significantly change from pH 11 to 3 while both NTMP
and PAA showed much stronger flux decline when pH decreased to 3 (Figure S5).
Mechanisms of Antiscalant Inhibition on Gypsum Scaling

Our evaluation discovered that the inhibitive capacity of antiscalants on gypsum
precipitation was closely associated with the total charges of antiscalant aqueous species.

A higher total charge led to a stronger dispersion of cations, anions, and precipitate
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nuclei, resulting in a stronger inhibitive capacity. Specifically, all antiscalants are protic
acids that undergo equilibrium speciation. DTPMP and NTMP are multiprotic
phosphonic acids with 10 and 6 pKa values, respectively (pKa values of DTPMP are 1.04,
2.08, 3.11, 4.15,5.19, 6.23, 7.23, 8.3, 11.18, 12.58; pKa values of NTMP are 0.3, 1.5,
4.64,5.86, 7.3, 12.1).242% In contrast, PAA is a monoprotic acid with a pK, value of 3.5.4

The acid-base equilibrium of antiscalants is expressed as:

[Hi—l L(n—i+1)—] [H+]
[H,LGD-] @

HiL(n—i)— PN Hi_lL(n—i+1)— + H+ Kai —

where L symbolizes the deprotonated antiscalant molecular structure, Ka; is the
equilibrium constant of antiscalant speciation in its i'" step of deprotonation, and n is the
maximal protonation number. For NTMP, n equals 6 and i ranges from 1 to 6. For
DTPMP, n equals 10 and i ranges from 1 to 10. For PAA, n and i equal to 1 (Text S2).
In calcium-rich drainage water, different protonated antiscalant acids-base species can
react with calcium to form Ca-antiscalant complexes.?*? Complexation reactions
between antiscalants aqueous species and calcium are:

[caH;L(—2-D-]
[CaP L] @

Ca?* + H;L""D~ & CaH; L 27D Bi =
For NTMP, there are 5 complexation equations and i ranges from 0 to 4. For DTPMP,
there are 8 complexation equations and i ranges from 2 to 9. For PAA, there are 2
complexation equations and i ranges from 0 to 1. The equilibrium constants available in
the current literature only include the complexation between one mole of calcium and one

mole of an antiscalant. In the case of inorganic anions, chloride and sulfate exhibit

monodentate complexation with calcium.*? Therefore, only the complexation between
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one mole of calcium and one mole of either antiscalant or inorganic anions was
considered in the theoretical calculation. (detailed reactions and calculations are listed in
Text S2).

Consequently, the total value of negative charge of antiscalant aqueous species (denoted
as @) is calculated by adding the charges of all conjugate acid/base species and calcium
complexes at a specific feedwater pH:

® = % ([HL" D] — i) + [Cal L2 D~ (n — 2 = 1)) @3)
The negative charge repulsion mechanism plays an important role in gypsum inhibition.
Calculations showed that the total charges of DTPMP or NTMP aqueous species
gradually increased with the increase of pH, while the total charges of PAA aqueous
species increased dramatically with pH increasing from 3 to 4 but remained stable with
pH increasing from 4 to 11 (Figure 3B). In addition, for DTPMP and NTMP, the total
negative charge contributed by Ca-antiscalants species dramatically increased when the
pH increased above 4 (Figure S6A, S6B). In contrast, the total negative charge of PAA
species was only contributed by the deprotonated PAA species from pH 3 to 11 (Figure
S6C), which indicated that the pH-charge profile shares a similar trend with the pH-
concentration profile of deprotonated PAA. When the total negative charge was mainly
contributed by Ca-antiscalant species, negatively charged antiscalant species complexed
with calcium while repelling negative sulfate anions, preventing the formation of gypsum
nuclei.**** When the total negative charge was mainly contributed by deprotonated
antiscalant species, small gypsum nuclei would be wrapped by negatively charged

antiscalant species through adsorption. Then the negative surface charge of gypsum
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nuclei would provide strong repulsive force against other negatively charged wrapped
gypsum nuclei, maintaining dispersion of small gypsum nuclei and delaying its
aggregation in solution,*34°

Threshold concentration is a boundary value which represents the minimum total
negative charge to prevent gypsum scaling within 24 hours of RO desalination of
drainage water. When the total negative charge exceeds this threshold concentration,
negative charge-driven repulsive interactions are sufficient to inhibit gypsum scaling
within 24 hours of RO desalination. As a result, further increases in negative charge
repulsion do not improve flux. Conversely, when the total negative charge is below the
threshold concentration, the permeate flux increases with the enhancement of negative
charge repulsion. For DTPMP, the total negative charge increased, and the negative
charge repulsion effect was strengthened as the pH increased from 3 to 11; however, the
flux with DTPMP remained relatively stable. In contrast, for NTMP, the flux increased
with the total negative charge when the pH increased from 3 to 4 but became relatively
stable when the pH increased above 4 (Figure 3). This was because the total negative
charge of DTPMP species at pHs 3 to 11, and NTMP species at pHs 4 to 11, were all
higher than the threshold concentration, which was determined as approximately 5x10*
mol/L total charge per mol/L of Ca?* in the feedwater (Figure 3B). Therefore, even
though the total charge of both NTMP and DTPMP species continued to increase as the
pH increased from 4 to 11, the permeate flux could no longer be improved as the charge

repulsion was already strong enough to inhibit gypsum precipitation.

121



In addition, compared to DTPMP and NTMP, the concentration of total negative charge
of PAA species was significantly lower while maintaining high permeate flux (Figure 3),
which cannot be explained solely by the negative charge repulsion mechanism. Crystal
lattice distortion was likely to contribute as an additional mechanism, which led to PAA
inhibition on gypsum scaling at neutral and alkaline pHs, while deteriorated membrane
scaling at acidic pHs. Membrane surface characterization showed that the addition of 1
M PAA resulted in a distinctly more condensed scaling layer, composed of small,
irregularly shaped gypsum particles, compared to large and long prismatic gypsum
particles of 1 M NTMP under neutral pH (Figure 2C vs. Figure 2B). This indicated that,
under neutral and alkaline conditions, PAA can distort precipitated minerals into irregular
shapes and smaller sizes, likely due to its adsorption onto the active surface sites of
gypsum crystals.?2#546 Consequently, these small, irregularly shaped crystals are less
likely to collide, grow, deposit onto the membrane surface and form a condense scaling
layer, contributing to gypsum inhibition mechanism of PAA. When the dosage of PAA
exceeded its threshold concentration (5 M), the formation of large, cohesive scale
deposits was prevented within 24-hour RO desalination (Figure S2), despite the lower
total negative charge of PAA species compared to other antiscalants. However, when the
concentration of PAA was below the threshold, both charge repulsion and morphology
distortion were weakened, leading to earlier gypsum precipitation and the formation of
small, irregularly shaped crystals (Figure 2).

To better understand the dramatic decline in normalized flux and the role of the two PAA

inhibition mechanisms under acidic pH, the particle size of gypsum crystals and the
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percentage of total calcium as gypsum after 12 hours of drainage water desalination were
measured. With 5 pM of PAA, when the pH increased from 3 to 4, the particle size of
gypsum crystals increased from 180 to 370 nm. Meanwhile, both the precipitated calcium
fraction and the flux decline slope decreased (Figure 4 and S7). This result indicated that
at pH 3, weaker negative charge repulsion was less effective in maintaining the
dispersion of small gypsum crystals. Simultaneously, stronger PAA-induced morphology
distortion made the irregular-shaped gypsum crystals harder to grow. These two
mechanisms collectively resulted in faster precipitation of irregular-shaped gypsum with
smaller size, forming a much more condensed gypsum scaling layer on the membrane
surface, and inducing a severe flux decline and poorer desalination performance. In
contrast, at pH 4, stronger negative charge repulsion was more effective at maintaining
dispersion of relatively larger gypsum crystals, while weaker morphology distortion by
PAA allowed the formation of larger, irregular-shaped gypsum crystals. This caused
slower precipitation of larger, irregular-shaped gypsum crystals, resulting in a relatively
less condensed scaling layer, leading to improved permeate flux and better desalination
performance.

Effect of NOM on Gypsum Scaling

The effect of NOM on the gypsum inhibitive capacity of the most effective antiscalant,
i.e., DTPMP was evaluated. Results showed that the presence of NOM did not
compromise DTPMP inhibitive capacity. When dosed with 1 M DTPMP, the presence
of NOM did not affect the flux decline trend. In the control without DTPMP, the addition

of 5 mg C/L NOM led to a much faster flux decline than that without NOM (Figure 5A).
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Membrane surface characterization further confirmed NOM did not induce membrane
scaling with DTPMP addition. Without DTPMP addition, condensed small gypsum
particles depositing on the membrane surface were observed with the addition of NOM
(Figure 5B), indicating NOM has a similarity compared to PAA as they both can change
the gypsum crystal morphology. In contrast, with the addition of DTPMP, only a small
amount of large and long prismatic crystals was observed on the membrane surface
(Figure 5C), and nearly no calcium precipitation at 24 hours was detected (Figure S8).
NOM mostly consists of humic acid and fulvic acid. In drainage water pH, NOM exists

in a deprotonated form (NOM™), which complexes with calcium as:

[CaNOM']
[Ca2+][NOM™] (4)

Ca’** + NOM™! & CaNOM* K=
The pK value was obtained from a previous study (Text S2).4” Calculation showed that
complexation between calcium and up to 10 mg C/L NOM was negligible as it did not
change the concentration of the total negative charge of DTPMP species (Figure S9) and
thus did not affect DTPMP speciation and complexation with calcium. This result
confirmed that NOM in drainage water did not affect the negative charges of antiscalant
species and its inhibitive capacity.

Engineering Implications

To further evaluate the engineering application of desalination of drainage water with
complex chemistry, an additional proof-of-concept experiment was conducted using a
synthetic drainage water with comprehensive chemical compositions. Results showed

that the addition of 1 M DTPMP effectively inhibited gypsum precipitation in RO

desalination of agricultural drainage water. With the addition of 1 M DTPMP, the flux
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decline was minimal after 7 hours of RO desalination (Figure S10). In contrast, without
the addition of DTPMP, the flux dropped rapidly within the first hour of desalination.
From the aspect of engineering application, DTPMP is the optimal antiscalant for
gypsum-dominated drainage water desalination compared to NTMP and PAA. Aqueous
acid-base speciation and calcium complexation with DTPMP leads to a high
concentration of total negative charges, resulting in a stronger ability to maintain
dispersion of calcium, sulfate, and gypsum nuclei in the solution. It is less sensitive to
extreme pH conditions and remains effective even if NOM and other inorganic anions are
present in the feedwater.

Results from this study also provide insight into the selection and development of future
antiscalants for desalination applications. Specifically, antiscalants with multiple
functional groups that can lead to a high negative charge are a better choice as they can
maintain stronger electrostatic repulsion between hardness ions and nuclei. In addition,
antiscalants that can distort precipitate morphology into irregular shapes and smaller sizes
should be used with caution, especially under acidic conditions, as the formation of small,
irregularly shaped scaling particles can worsen membrane scaling issues.

Conclusions

This study evaluated the inhibitive capacity of three antiscalants, DTPMP, NTMP and PAA,
on gypsum-dominated drainage water RO desalination under varying conditions of
antiscalant dosage, feedwater pH, and the presence of NOM. The underlying inhibition
mechanisms were illustrated for the first time. At the same antiscalant concentration,

DTPMP was the most effective antiscalant in inhibiting gypsum precipitation. In addition,
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acidic pH conditions compromised antiscalant inhibitive capacity, while neutral and
alkaline conditions did not. The sensitivity ranking to acidic pH conditions was PAA >
NTMP > DTPMP. Furthermore, the presence of NOM did not negatively affect the
effectiveness of DTPMP on gypsum inhibition.

The gypsum inhibition mechanism for DTPMP and NTMP was attributed to negative
charge repulsion. When the total negative charge exceeded the threshold concentration,
optimal permeate flux performance was maintained. In contrast, PAA's gypsum inhibition
mechanism involved both negative charge repulsion and crystal lattice distortion. This led
to the formation of a condensed scaling layer composed of small, irregularly shaped
gypsum particles, which caused a significant decline in permeate flux under acidic pH
conditions. Ultimately, an antiscalant that can preserve higher negative charges without
changing precipitate morphology, such as DTPMP, is ideal for preventing gypsum scaling
during RO desalination of agricultural drainage water.

Supporting information

Please refer to Appendix D for Supporting Information.
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Table 5-1. Chemical compositions of two types of synthetic drainage water.

Parameters Drainage water I*  Drainage water 11** Unit
Na* 225 374 mM
Ca? 20 35 mM

Cr 39 91 mM
SO4* 112 202 mM
K* — 0.4 mM
Mg?** — 36 mM
H3BOs3 —_ 6.6 mM
HCOs — 13 mM
F — 1.6 mM
NOs — 2.3 mM
SiOs* — 1.6 mM
PO+ —_ 0.01 mM
TOC — 5 mg/L
pH 7.6 7.6 —
TDS 18123 34669 mg/L
lonic strength 0.3 0.5 M

*: Type | feedwater ionic strength was set at median level, 0.3M, to study effect of
antiscalant type and concentration, effect of pH and NOM.

**: Type Il feedwater ionic strength was set at the upper range level, 0.5M, to evaluate
optimized antiscalant condition
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Figure 5-1. Effect of antiscalant type and concentration on RO permeate flux. (A) Effect
of different antiscalants on RO permeate flux. Value of y-axis was calculated as permeate
flux (time t) divided by permeate flux (time 0). (B) Comparison of permeate flux with
different antiscalant types and concentration at 24 hours desalination. Value of y-axis was
calculated as permeate flux (24h, with different antiscalants) divided by permeate flux (24h,
with DTPMP). Feedwater using synthetic drainage water I.
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Figure 5-2. Effects of different antiscalants on the scaling layer of RO membrane surface
after 24 hours of RO desalination using synthetic drainage water | as the feedwater. (A)
[DTPMP]=1 pM; (B) [NTMP]=1 piM; (C) [PAA]=1 piM; (D) without any antiscalant.
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Figure 5-3. (A) Effect of pH on normalized flux (flux / flux (pH 11, 5 pM DTPMP)) at
12 hours with different antiscalants. (B) Effect of pH on concentration of total charges of
antiscalants species (®). Feedwater using synthetic drainage water | with 5 M NTMP or
DTPMP or PAA under various pH.
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Figure 5-5. Effect of NOM on RO permeate flux and membrane surface characteristics.
(A) Effect of NOM on permeate flux with or without DTPMP. (B) Membrane surface
characteristics after 24 hours RO desalination with NOM but without DTPMP addition, (C)
with both NOM and DTPMP addition. Feedwater using synthetic drainage water | with or
without 1 piM DTPMP or 5 mg C/L NOM.
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Brine Line Scaling Case Study in Inland Desalination Systems

Chapter 2 of this dissertation focused on the scaling challenges faced by inland
desalination brine transport infrastructure, specifically within a 116-km brine line in
Southern California. This study examined brine composition, identified theoretical solid
precipitation from the brine, including calcite, dolomite, silica, and hydroxyapatite, and
evaluated the impact of flow conditions and antiscalants on scaling. Both primary and
secondary antiscalants can effectively delay the formation of solids. However, solids
already present in the discharge from desalination plants may accumulate in the brine
line, potentially causing scaling problems over time. To mitigate these issues, strategies
for active brine pretreatment were recommended, such as removing antiscalants and
hardness ions prior to transport and implementing real-time flow monitoring to control
turbulence. These findings emphasize the importance of infrastructure improvements to
support sustainable brine management and reduce scaling-related costs.

Enhancing Brine Treatment through Antiscalant Removal via UV/PS

In Chapter 3, the research developed a UV-driven persulfate (UV/PS) oxidation process
to degrade phosphonate-based antiscalants from brackish inland desalination brine. The
removal of antiscalants, which hinder subsequent treatment stages, was crucial for
facilitating effective calcium removal through chemical demineralization. This study
assessed the impacts of persulfate dose and UV irradiation time on the degradation
efficiency of antiscalants, showing that UV/PS pretreatment significantly enhanced the
kinetics of calcium precipitation during demineralization. Notably, UV/PS pretreatment

with NaOH- or lime-softening based demineralization methods all decreased fouling
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potential in downstream microfiltration (MF) processes, demonstrating that UV/PS-
CDM-MF treatment process could be highly effective in improving brine quality for
secondary water recovery stages. This UV/PS-CDM-MF method presents a viable pre-
treatment option to enhance brine treatment efficacy, offering a sustainable and efficient
approach to inland brine management.

Integrated Multi-Stage Brine Treatment for Water and Mineral Recovery

Building upon the UV/PS pretreatment method, Chapter 4 introduced an integrated
treatment sequence—combining UV/PS, chemical demineralization (CDM),
microfiltration (MF), and secondary reverse osmosis (RO) to maximize water and
mineral recovery from brackish inland desalination brine. This multi-stage approach was
designed to degrade antiscalants, remove scale-forming ions, and facilitate resource
recovery. Results demonstrated that this system achieved substantial freshwater recovery
(over 75%) at neutral pH, resulting in much less usage of acid and base for pH
adjustment. It also achieved dramatic mineral crystallization, particularly for magnesium
and silica, while also reducing membrane fouling during the RO process. In addition, this
system achieved lower energy consumption compared to conventional thermal brine
treatment systems. The UV/PS-CDM-MF-RO treatment train underscores the potential
for inland desalination brine to be not only treated but also repurposed as a valuable
source of water and minerals. By optimizing conditions for each treatment step, this
integrated system could be adapted to meet varying brine compositions and operational
needs, paving the way for a more sustainable and economically feasible inland brine

management framework.
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Gypsum Scaling Control in Agricultural Drainage Water Desalination

In Chapter 5, the dissertation shifts focus to a related but distinct area: managing gypsum
scaling in the RO desalination of agricultural drainage water. High concentrations of
calcium and sulfate in drainage water create a unique challenge, as they lead to gypsum
(CaS0a4) scaling on membrane surfaces. This study evaluated the inhibitive capacity of
three widely used antiscalants—DTPMP, NTMP, and PAA—on gypsum scaling under
varying conditions of antiscalant dosage, feedwater pH, and the presence of natural
organic matter (NOM). At equivalent dosages, DTPMP emerged as the most effective
antiscalant, demonstrating a strong inhibitory mechanism involving negative charge
repulsion. This mechanism maintained optimal permeate flux by stabilizing flux and
mitigating scaling over extended operational times, even in the presence of NOM.

The study also revealed that acidic pH conditions compromised the antiscalant inhibitory
capacity, with the sensitivity to acidic pH ranked as PAA > NTMP > DTPMP. In
particular, PAA presented an added risk under acidic conditions, where its combined
mechanisms of charge repulsion and crystal lattice distortion led to the formation of
small, dense, irregularly shaped gypsum crystals, which ultimately caused a significant
decline in permeate flux. By contrast, DTPMP’s charge repulsion mechanism preserved
higher negative charges without altering precipitate morphology, thus optimizing gypsum
inhibition across a wider pH range.

These insights into antiscalant selection, mechanisms, and performance provide practical
guidance for optimizing RO desalination processes when treating agricultural drainage

water, enhancing the potential for effective drainage water reuse in irrigation.
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Future Work and Broader Implications

The studies presented in this dissertation collectively offer a foundation for developing
scalable, efficient, and sustainable methods for inland brine management, brine treatment,
and agricultural drainage water reuse. However, there are significant areas for further
research.

A key next step involves a comprehensive economic analysis comparing the novel brine
treatment process proposed in Chapters 3 and 4 of this dissertation with current brine
disposal methods, including brine line discharge (Chapter 2), thermal crystallization, and
evaporation ponds.

The major cost components of the proposed brine treatment process can be categorized
into several key areas. First, capital expenditure (CapEx) encompasses the costs of
infrastructure construction, permitting, and installation, including UV photochemical
reactors for antiscalant degradation, chemical softening tanks for demineralization, and
microfiltration and secondary RO units for brine treatment and water recovery. Land
acquisition also contributes to CapEx, as sufficient space is needed for the integrated
treatment system.

Operational expenditure (OpEXx) includes electricity consumption to power UV lamps,
pumps, and RO units, which are essential for continuous treatment operations. Skilled
labor is required for safe and efficient operations. Regular maintenance is necessary to
ensure the longevity and efficiency of the treatment system, such as periodic replacement
and chemical cleaning of microfiltration and RO membranes and managing residuals or

waste brine streams. Chemical inputs include persulfate for photochemical treatment,
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acids for pH adjustment and scaling prevention, and bases, lime, and soda ash for
chemical demineralization.

Brine line disposal typically incurs capital costs associated with constructing pipelines to
transport brine to a disposal site or existing infrastructure. Operational costs include
expenses for pumping, maintaining the pipelines, and brine disposal fees.

Thermal crystallizers involve a high initial capital investment for specialized equipment
and significant electricity costs due to the energy-intensive process. Maintenance and
waste disposal costs are also incurred for monitoring fouling, scaling, and corrosion, as
well as managing the solid salts produced.

Evaporation ponds have substantial land acquisition costs and construction costs,
particularly in areas with low evaporation rates, as large areas are required. Maintenance
expenses arise from managing sedimentation, preventing leaks, and addressing algae or
biological growth.

Future work should develop robust models to evaluate these cost components under
varying scenarios. These models must account for:

1. Brine chemistry variability: the composition of brine significantly influences treatment
requirements, scaling potential, and energy consumption.

2. Treatment scalability: the performance and cost-effectiveness of treatment
technologies at different scales.

3. Site-specific factors: geographic and climatic conditions that impact the feasibility of
evaporation ponds, transportation logistics for crystallizer outputs, and access to disposal

brine lines.
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4. Regulatory landscape: variations in discharge regulations and incentives for
sustainable practices across regions.

By integrating these elements, a detailed cost-benefit analysis can guide stakeholders in
selecting the most economically viable and environmentally sustainable disposal method.
Additional research on energy-efficient methods for brine concentration and mineral
recovery remains essential. Developing hybrid systems that combine renewable energy
sources (e.g., solar, wind), with advanced brine treatment technologies could reduce the
environmental footprint and operational costs. Exploring innovative mineral recovery
processes that yield industrial- or agricultural-grade materials could unlock new
economic incentives, offsetting the costs of brine treatment and disposal.

The broader implications of this work reach beyond inland desalination. Climate change
and global population growth are increasing water scarcity pressures, particularly in arid
regions where alternative water sources like brackish groundwater and agricultural
drainage water are vital. The findings in this dissertation contribute to the development of
sustainable water management practices that maximize water recovery, minimize waste,
and promote the reuse of nontraditional water sources. Additionally, by addressing
economic barriers through cost-effective disposal options, this research provides a
roadmap for regions to adopt sustainable water management practices. With continued
innovation, policy support and cross-sector collaboration, the methods explored here
could provide significant benefits in regions facing water shortages, promoting

environmental sustainability, economic resilience and resource equity.
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Appendix A

Supporting Information for chapter 2

Previously published in ACS ES&T Engineering

Tang, X.; Kum, S.; Liu, H. Inland Desalination Brine Disposal: A Baseline Study from
Southern California on Brine Transport Infrastructure and Treatment Potential. ACS

ES&T Engineering. 2022, 2, 456-464 DOI: 10.1021/acsestengg.1c00276.
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Text S1. Visual Minteq simulation procedures (Use brine from Site S1 as example)
Step A. Saturation indices calculation

Please supply a value for the alkalinity of the solution

pH lleed at.. v} [7.800 |
| mgn CO32- Al | 32557953 i
mg/ CaC0O3 lonic strength Fr TR Lot A
meat |4 : -
Components in the present problem
Component name Total concentration* Act guess?**
- - r Molal
Concentration unit [T - | § .
Ca+2 0.020967 %]
Wge2 0.012401 M
PO4-3 | 32285606 4!
Temperature 222 degC Na+1 10020187 %]
[CO327= | 0.03255795% M
NO3-1 | 0.0046577 %]
(o] [0.0497 (4}

1. Input pH, alkalinity, temperature and cation, anion concentration that measured by
experiment and set ionic strength “To be calculated” (Chloride is calculated based on

charge balance)

Run

2. Click “Run” button and start the program
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Distribution of components between dissolved,

(Concentrations in molal)

Component Total dissolved | % dissolved 1
Ca+2 2.0967E-02 100. 000

c1-1 4. 9700E-02 100.000 |
C03-2 3.2370E-02 100. 000

H+1 3.2187E-02 100. 000

Mg+2 1.2401E-02 100. 000

Na+l 2.0187E-02 100. 000

NO3-1 4. 6577E-03 100. 000

P04-3 3. 2284E-06 100. 000

Mineral log IAP Sat. Index
(=log IAP - log Ks)
Aragoni te —-6.424 1.895
Artinite 6.527 -3.273
Brucite 13.178 -4.111
Ca3(P04)2 (am1) -28. 665 -3.321
Ca3(P04)2 (am2) -28. 665 -0.560
Ca3(P04)2 (beta) -28. 665 0.344
CadH(P04)3:3H20(s) -49. 705 -1.929
CaC03xH20(s) -6.425 0. 699
CalP04(s) -21.034 -1. 708
CalP04:2H20(s) -21.038 -2.004
Calcite -6.424 2.041
Dolomite (disordered) -13.070 3.393
Dolomite (ordered) -13.070 3.955
Halite -3.244 -4, 788
Huntite -26.362 3.427
Hydromagnesite -13.413 -5.010
-36.298 8.035

Hydroxyapatite

12 400

10 210

Red text - oversaturation  Blue text - undersaturation | B

Green - apparent equilibrium

3. Record supersaturated solids and their saturation indices and total dissolved cation

and anion concentration.
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Step B. Theoretical solids amount and type simulation

pH ‘Cﬂlculated from mass balance v ‘

lonic strength (R R Lot =

1. Set pH “calculated from mass balance” and set ionic strength “To be calculated”.

Possible species in the present problem

Species name Specified fixed log ~ AH of reaction
Acitivity™
-44.333 0
Dolomite (disordered) |-16.54 -46.4
Dolomite (ordered)  |-17.08 [39.5
Calcite 848 8
Aragonite 8336 =]
Vaterite 7913 8
Ca3(P04)2 (beta) 2892 54
CaCO3xH20(s) -7.144 -8
"Hunfite 25968 F107.7798
Magnesite 746 20

2. Choose “Specify possible solids phases” and input all supersaturated solids that

determined in step A-3

Components in the present problem

Component name Total concentration* Act guess?*

Molal

He+1 M
Ca+Z 2.0967E-02 ¥
Mg+2 1.2401E-02 ~
Na+1 2.0187E-02 1
P03 T Z7EAET6 1
€03-2 3.2370E-02 ~
NO2-1 4BSTTE-02 ¥
(W 4 9700E-02 b1

3. Input total dissolved cation and anion concentration determined in step A-3

Run
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4. Click “Run” button and start the program

Equilibrium amount (mel/1)
Calcite 6. 1740E03

Dolomite (or... 2. 0348E-03

Hydroxyapati te 2. 4131E-07

5. Record theoretical solids type and amount.
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Figure S1. Solids accumulation rate in different sections of brine line. (Solids
accumulation rate was calculated by multiplying flow rate with AFSS at each section of

brine line. AFSS = FSSgtart point — FSSEnd point- FIOW rate of section A, B, C is 1744,
16462, 22817 m®/day respectively)
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Figure S2. Dissolved magnesium concentration profile from induction time experiments
with brines from three inland desalination treatment plants (DWTPs #1, #2 and #3 at Site
S0, Site S6 and Site S3, respectively. Stirring rate = 700 rpm. Only residual primary
antiscalants were present in these three brine samples. [Mg?*]o refers to initial dissolved
magnesium concentration. [Mg?*] refers to dissolved magnesium concentration at
designated time point.

151



12 12 Z
|(A) 700 rpm (B) A o 350 rpm
1.“,333;&3-,%813&83!3& 1.0 A.AMfﬁgg‘Aaal A!
=084 =08+
2 2
= 064 = 0.6+
N 5
= =
= 0.4 4 A wl secondary antiscalant = 0.4 4 A w/ secondary antiscalant
© w/o secondary antiscalant ] © wi/o secondary antiscalant
0.2 + 0.2 +
0-0 L] LI | Ll I""l l""l l""l L] L] L] L] L] L L] 0-0 L] LI LI | '."I I"'.I I""l L] L] Ll L] L] L) L]
0 1 2 34 6816 32 48 72 0 1 2 34 6816 32 48 72
Time (hour) Time (hour)
12 o o v
IS) - s 0 rpm.l
] Ag A A
@
1.0-‘8A .AA “. .. A.A
=084
o
=
= 064
&
s
= 04+ A w/ secondary antiscalant
© w/o secondary antiscalant
0.2 +
0-0 L] LI Ll I""l I""l l""l L] L] L] L] L] L] L]

0 1 2 34 6816 32 48 72
Time (hour)

Figure S3. Effects of secondary antiscalant on magnesium precipitation in oversaturated
desalination brine from desalination plant DWTP #1 under different stirring rates in lab
simulation experiments. (A) stirring rate = 700 rpm; (B) stirring rate =350 rpm; (C)
stirring rate = 0 rpm. Experiments were conducted under room temperature and all brine
samples were acquired at onsite sampling sites. The brine samples all contain primary
antiscalant.
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Appendix B

Supporting Information for chapter 3

Previously published in Environmental Science: Water Research & Technology

Kum, S., Tang, X., & Liu, H. (2023). Treatment of Brackish Water Inland Desalination
Brine via Antiscalant Removal Using Persulfate Photolysis. Environmental Science:

Water Research & Technology, 9(4), 1137-1146. DOI:10.1039/d2ew00924b.
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Figure S1. The molecular structure of the antiscalant diethylenetriamine pentamethylene
phosphonic acid (DTPMP) investigated in this study.
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Figure S2. Experimental setup for (A) UV/PS and (B) CDM experiments.
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Text S1. The details of UV/PS experiments

A bench-scale UV reactor consisted of a 4-L beaker, magnetic stirrer, and a 450-W
medium pressure UV immersion lamp (Ace Glass, Inc.) with a water-cooling jacket to
minimize temperature increase in the reactor. The UV lamp with 42 mW/cm? light
intensity and spectrum of wavelengths ranging between 200 and 850 nm was placed in
the centerline of the 4-L beaker and immersed into feed water to enhance penetration of
UV light. Oxidation experiments were carried out in a photochemical safety reaction
cabinet. The lamps were warmed up for 10 min prior to the reaction to ensure stable
output, and then prepared 3.5-L feed solution was transferred to the 4-L beaker (time
zero).

DTPMP degradation and ortho-phosphate kinetic experiment were conducted for 30
minutes with 3.5-L Ca?* absent synthetic brine solutions containing 4 mM persulfate and
0.1 mM DTPMP. To accomplish the UV/PS operating condition investigation, 3.5-L
synthetic brine solutions containing 2 -5 mM persulfate and 0.1 mM DTPMP (equivalent
of 15.5 mg P/L) were prepared and experiments were conducted for 60 minutes to
evaluate the impact of UV irradiation time on the DTPMP degradation. For UV/PS pre-
treatment before CDM process, 3.5-L synthetic brine solutions containing 4 mM

persulfate and 0.1 mM DTPMP (= 15.5 mg P/L) were prepared.
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Figure S3. Calcite saturation index of the Inland Empire Brine at different pH. The

saturation index of calcite is defined as: Sl¢aco, = log( 1ap ) where IAP is the ion

Ksp,C::lC03(s)
activity product, while, K, cacos(s) i the solubility products calcium carbonate (Ksp,
CaCO; =10849),
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Text S2. The details of microfiltration experiments

An Amicon stirred cell (200 mL capacity; Millipore Sigma, Burlington, MA) with 28.7
cm? of active membrane area was used for the solid/liquid separation after the UV/PS-
CDM process. Flat sheet polyvinylidene fluoride (PVDF) membrane with a nominal pore
size of 0.1 pm (Durapore®, Millipore Sigma, Burlington, MA) was used in this research.

Nitrogen was applied to pressurize the MF cell at 0.5 bar for the membranes.
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Figure S4. A schematic of dead-end microfiltration membrane setup.
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Figure S5. Impact of the addition of orthophosphate to the brine on the removal of total
calcium during the CDM process. (A): NaOH softening CDM; (B): Lime softening
CDM.
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Text S3. Calculation on saturation index of calcite

Sl as a function of the secondary RO water recovery was calculated based on the water
quality after the microfiltration process (Table S1). Control stands for no UV/PS-CDM
treatment (direct use of brine). Initial water quality data (0% water recovery) for calcite
saturation index calculations in the secondary RO concentrate are shown in Table S1. As
the secondary RO water recovery increases, the saturation index in the secondary RO
concentrates increases. The concentration of the secondary RO concentrate (Cconcentrate) at
different water recoveries was calculated based on Equation (S1).

Cin(1=7(1=R)) (S1)

C =
concentrate
1—1r

Where, Cin is the initial concentration, r is the fractional recovery, and R is the fractional
removal efficiency. We assumed 100% salts rejection at the secondary RO, meaning R is
1. Saturation index calculations in Figure 7 were performed through Visual Minteq

(Version 3.1) for a pH of 7.8 at different water recovery.
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Table S1. Input data for saturation index calculations for calcite in the secondary RO
concentrate; the input data are water quality measured after the microfiltration process
(CDM with 20 minutes UV/PS pre-treatment in Fig. 6).

. UV/PS-CDM-MF UV/PS-CDM-MF treated
Chemical Untreated d bri bri
constituent brine treate rine . rne

(NaOH softening) (Lime softening)
Calcium 16.5 0.8 3.3
Sodium 54.7 76.5 71.0
Chloride 60.9 60.9 60.9
Bicarbonate 21.3 4.0 3.3
Perchlorate 55 55 55
pH 7.8 7.8 7.8
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Appendix C

Supporting Information for chapter 4

Previously published in Separation and Purification Technology

Kum, S., Tang, X., & Liu, H. (2024). Recovery of fresh water and minerals from inland
brackish desalination brine via persulfate-based photochemical treatment and
demineralization. Separation and Purification Technology, 342, 126994.

https://doi.org/10.1016/j.seppur.2024.126994.
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Text S1. Details of Bench-scale Reverse Osmosis System

The reverse osmosis (RO) system was composed of a feed water vessel, membrane cell,
bleed lines, and a permeate collection line (Fig. S1). The active membrane area of the
crossflow RO apparatus (Model CF042 Membrane Cell, Sterlitech, USA) is 42 cm?. The
flow rate of feed was fixed at 1250 mL-min™, pumped from the feed vessel with a
variable-speed diaphragm pump (Model M-03S, HydraCell, USA), and pump speed was
controlled by variable frequency drive (Emerson commander SK, USA). The Filmtec
BW30LE membrane was used for the experiment. BW30LE is a low-energy polyamide
membrane that is commonly applied to brackish water treatment to reduce salinity and
has a negatively charged surface with a molecular weight cut-off of 100 Da.X* The
temperature of the feed solution was maintained at 23+1°C with a chiller. The operating
pressure was maintained at the target pressure using a back-pressure regulator. The pre-
conditioning of the membrane is required to stabilize the permeate flux and was
performed at 10.3 bar (150 psig) with MilliQ DI water for 2 h before the actual start of
the experiment. The brine feed solution was introduced after the pre-conditioning step by
switching the pre-conditional solution with the brine solution. When the actual feed
solution was introduced to the RO system, the RO operation was paused for less than 1
min, but the pressure was not released. The RO membrane system was stabilized
immediately after the feed solution was introduced, and the measurement of permeate
flux was started 1 min after the system was running. 3-L of experimental solution was
employed for RO experiments and the RO system was operated as partial recycling

(concentrate recycled but permeate withdrawn from the system) mode for 24 h. The
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permeate mass was continuously measured by an electronic balance and permeate mass
data were collected by a laptop with a data acquisition equipment throughout the

experiments.
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Figure S1. Schematic of the laboratory-scale RO system.
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Text S2. Normalized Permeate Water Flux Calculation
The permeate water flux (L - m~2-h™1), J,,, can be calculated by equation S1

_ W

o =2 (1)

where Q,, is a measured permeate flowrate (L/h) and A is the effective area of the

membrane (0.0042 m?) The hydraulic pressure-normalized permeate flux, J (L - m™2 -
h™1-bar™1), is calculated by Equation S1 divided by a transmembrane pressure (TMP,
Pteed - Ppermeate, bar, €g. S2). Note that the calculated hydraulic pressure-normalized
permeate flux is not a permeance because it does not consider the osmotic pressure of the
feed water in the calculation of the driving force. This research applied constant pressure

throughout the fouling test and assumed that Ppermeate is negligible.

_ Jw

~ TMP (52)

J
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Figure S2. Orthophosphate generation by the UV/Persulfate system at various primary
antiscalant concentration. Experimental condition: [Persulfate]o = 4.0 mM; initial pH =
7.8. UV phoplysis time = 30 minutes with a 450-W medium pressure UV immersion
lamp (Ace Glass, Inc.). Note: orthophosphate concentration was recorded when the
concentration reached plateau during photolysis experments.
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Text S3. Details of chemical anslysis on the recovered minerals from the brine

XRD analyses

All XRD analyses were carried out by using a PANalytical Empyrean Series 2
instrument. All samples are in solid powder form and collected after the chemical
demineralization process without UV/PS pre-treatment (CDM) and with UV/PS pre-
treatment (UV/PS-CDM). 260 range is from 10 to 90 degree.

XPS analyses

All XPS analyses were carried out by using a Kratos AXIS ULTRA DLD XPS system
equipped with an Al Ka X-ray source and a 165-mm mean radius electron energy
hemispherical analyzer. Mineral samples used for XPS were dried in vacuum overnight
before analysis. Survey scans were collected from -5 eV to 1200 eV electron binding
energy with a resolution of 1 eV and a pass energy of 80 eV. Narrow scans were
performed to obtain detailed chemical bonding information of the mineral samples. These
high-resolution (i.e., 0.1 eV, pass energy=20 eV) scans were performed for the elements

in Table S1.
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Table S1. XPS measurement parameters
Element Start Core Level (eV) End Core Level (V)

Mg 1s 1310 1290
Na 1s 1280 1260
O1s 540 520
Cls 300 275
Caz2p 360 340
Cl 2p 210 190
Si2p 110 95
Mg 2p 60 40

A charge neutralizer was used to minimize sample charging during XPS analyses. XPS
spectra were analyzed in CasaXPS (Casa Software Ltd., Teignmouth, UK). Baseline
background subtraction was performed using a Shirley background and peak
deconvolution implemented Gaussian-Lorentzian shapes. Binding energies were
calibrated with respect to the C 1s peak at 284.7 eV corresponding to adventitious
carbon; this approach has been considered arbitrary due to the complexity and

heterogeneity of adventitious carbon.®
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Figure S3. Persulfate degradation by the UV/Persulfate system. Experimental condition:
[Persulfate]o = 1 mM; initial pH = 7.8. Note: This persulfate degradation result is from
the 1 mM persulfate experiment in Fig. 2.

171



Table S2. The saturation index and theoretical solid amount calculation of raw brine and
brine feeded into the CDM process with pH adjustment in the absence of antiscalant.

Raw brine Brine feeded into the CDM
(pH=7.8) process (pH=10.2)
Mineral Theoretic Theoretic
Saturati alsolids Percenta | Saturati alsolids Percenta
onindex amount ge" (%) | onindex amount  ge* (%)
(mg- L™ (mg- L™
Calcite
0 0,
B-CaCOsg) 2.0 416 39% 3.2 514 32%
Dolomite
CaMg(CO:s) 4.0 550 51% 6.3 996 62%
2(s)
Silica
. 1.3 103 10% 0.7 103 6%
a—SiO2(s)

“ Percentage (%) =

Specific Mineral amount
Total solids amount

<100%
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Text S4. Detailed explanation of the recovered mineral amount calculation procedure in
Fig. 4

Recovered minerals (2 g- L) from the CDM process were dissolved in nitric acid, and
the concentrations of calcium, magnesium, and silicon were measured by ICP-MS. Based
on the measured concentration of each cation, the chemical formula of major precipitates,
and the molar mass of calcite (CaCO3z), dolomite (CaMg(COs).), and silica (SiO2), the

weight of recovered solids were calculated.

173



- (a) CDM without UV/PS pre-treatment
E ; st e
2
g (b) CDM with UV/PS pre-treatment
g Stmatennan
£
(c) Calcite powder
W T ‘ A ul‘ . A ” bl Mt s P—
20 30 40 50 60 70 80
2 0(degree)

Figure S4. XRD patterns of recovered minerals from CDM without UV/PS pre-treatment
(a), recovered resources from CDM with UV/PS pre-treatment (b), and calcite powder
R050128 with reference patton (c).°
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Figure S5. Surface atomic compositions XPS results of recovered minerals from the
CDM process without UV/PS pre-treatment (CDM) and with UV/PS pre-treatment
(UV/IPS-CDM).
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Table S3. The concentrations of major cations and TDS in the RO permeate without and
with UV/PS pre-treatment. Note: removal efficiencies were calculated using ion
concentrations in the RO permeate and the RO feedwater.

M Total
H Pre- Na Removal Remgval Ca Removal Dissolved
P treatment (%)" (%)" (%)" Solids
(mg/L)”
UV/PS-CDM 93.5#.7 98.6 4.9 98.6 +1.3 382 +10
5
CDM 945 +).8 98.5 #.8 98.5 #.1 4255 452
UV/PS-CDM 93.8 2.9 99.040.9 98.4 .6 302 +7/8
7.8
CDM 94.8+1.0 09.2 4.3 99.4+.0 280 436
UV/PS-CDM 96.1 #0.8 99.6 4.5 99.5 #).6 269 +114
10.2
CDM 94.0+1.8 99.5 .7 99.6 #.5 222 442

*+ indicates 95% confidence intervals.
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Text S5. Energy Consumption Calculation of the UV/PS-CDM-MF-RO System

Energy consumption in this treatment train is mainly caused by UV/PS photochemical
treatment, mixing during chemical demineralization, MF pump energy consumption, and
secondary RO desalination process. Hence, the total energy consumption of the UV/PS-
CDM-MF-RO System was calculated as a summation of each stage's energy
consumption.

Electrical Energy per Order calculation of UV process:

Electrical Energy per Order (EEO) (kWh -m™ -order) of UV/PS photochemical treatment

was calculated by equation S3 below. ’

- V'_log(c/co) (S3)

Where P is the power consumption of medium pressure UV lamp (kW), which is 0.45
kW. n is the number of lamps, which is 1. f is the fraction of the emitting portion of the
lamp submerged in the solution, which is 1. t is the treatment time (h), which is 0.33h. V
is the reactor volume (m?®), which is 0.0035 m3. C/Cy is the degradation ratio, which is
0.001. Based on the above equation and parameters, EEO equals 14.14 kWh -m -order.
Mixing energy consumption:

Our mixing is performed by the Fisher Scientific mixer (CAT NO: 11-100-49S, P =
0.02kW). In the demineralization process, we set 1 minute (t = 0.017h) 700 rpm mixing

period. Treated volume V is 3.5L (0.0035m?3)

Mixing energy consumption = %
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Where P is mixing power (kW), t is the mixing period (hour), and V is the treated water
volume (m®). Based on the equation above, the estimated EE/O for the mixing process is
around 0.1 kwh -m,

Energy Consumption of MF and RO process:

Energy consumption of the MF and RO process was determined based on the literature to
estimate more realistic values. According to Tow et al., the energy consumption of an MF
process is approximately 0.18 kwh - m=3.28 For the RO system with BW30 membrane and
treating similar feed concentration, Richards et al. found that specific energy
consumption was 2.3 kWh - m™ to treat feedwater with 5.3 g- L™ TDS.® Shen et al. found
that the RO process with BW30 membrane consumes 3.21 to 4.24 kWh - m3to treat

water with 4 g- L1 TDS.1°
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Appendix D

Supporting Information for chapter 5

Previously published in ACS ES&T Water

Tang, X., & Liu, H. (2024). Mechanisms of Alleviating Gypsum Scaling by Antiscalants
during Membrane Desalination: Implications on Agricultural Drainage Water Reuse. ACS

ES&T Water, 4(8), 3486-3494. https://doi.org/10.1021/acsestwater.4c00298
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Text S1: Lab-scale RO desalination setup description and preparation

Our lab-scale membrane desalination unit comprises several components, including a
cross-flow membrane module (CF042 cell assembly, Sterlitech), a mass scale, a chiller
(NSC0250-FROST, North Slope), inlet and outlet pressure gauges, a pump and a 10-L
feedwater reservoir (Figure S1). To prepare the new RO membrane for use, it was cut to
fit the membrane module and soaked into 25% isopropanol for 30 min before being rinsed
with DI water. The RO membrane was then placed in the membrane module, and the chiller
was turned on to maintain the temperature at 25°C. Feedwater was pumped from the
feedwater reservoir into the membrane module at a flow rate of 1.2 L/min (Flow rate
suggested by manufacturer is 0.6 — 2.7 L/min). The system’s operating pressure was
maintained at 150 psi, following the recirculation mode, and thus permeate was generated
vertically from the membrane module. The permeate was collected on the mass scale, and
the weight was automatically recorded on a laptop, while the concentrate flowed back into
the feedwater reservoir. The recirculation mode is feasible for lab-scale desalination
experiments because it can provide flux curve analysis with a compact setup. Before the
start of each RO experiment, DI water was used as the feedwater for 30 min to optimize

the RO membrane performance before switching to the target feedwater.

182



Text S2: theoretical calculations of total charge of antiscalants aqueous species in the
drainage water.

In this study, complexations between one mole of calcium and one mole of antiscalant or
inorganic anions were considered only. The available equilibrium constants sourced from
the current literature only include complexation between one mole of calcium and one
mole of antiscalant. Therefore, we did not consider other forms of complexation in our
theoretical calculations. As for inorganic anions, such as chloride and sulfate, they are
monodentate when complex with calcium.! We believe that the currently available data is
sufficient to support conclusions drawn in this study.

In addition, this theoretical calculation assumed that NOM 100% exist as negatively
charged base molecule NOM that can form aqueous complex with calcium with molar
ratio 1:1. The equilibrium constant value of this complexation is determined through
equations developed by KIRISHIMA, et al., 2010.2 In this study, K of complexation
between different humic acids and fulvic acids and calcium was developed and listed in
table 2 of KIRISHIMA, et al., 2010.

NTMP calculation:

H;LéD~ & H;_,LOD= + H* (K;ie[1,6])

HeL © HsL™ + H* (Ky = 1/j = 1003) commmmeemee e 1
HsL™ & HyL?™ + H* (Kp = 1/j = 1015) wommemememeeememeeeees S 2
HyL?™ & HaL3™ + H* (K = 1/ = 10%6%) oo 3
Hsl3™ & HoL*™ 4+ H* (Ky = 1/ = 10588) commmmee e 4
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HoL*~ & HLS™ + H* (K5 = 1/ = 1073) ommmemeeeeeeeceee oo 5

HL~ & L6 + H* (K4 = 1/K e — 6
Ca®* + H,0 & CaOH* + HY  (K; = K = 10712097 ) e 7
Ca?* + Cl7 o CaClt  (Kyp = K = 1004 ) mmmmmmmmmmm oo 8
Ca®t + 505~ © CaS04xaq) (K13 = K= 10236 ) ommmee e 9
Ca’* + NOM™! & CaNOM*'  (Kyy = K = 1020) e 10

Ca?* + Lo~ + (DH* & CaH;L4 D~ (ie [0,4])

Ca?t + L8 & CaLl?™  (By = 107 0)-mmmmrmmm e 11
Ca’?t + L% + H' & CaHL3™ (By = 10166)-mmmmemmm e -12
Ca?t + L% 4+ 2H' & CaH,l?™ (B3 = 10%%9)mmmmmmmmm oo 13
CaZ* + L5~ + 3H* © CaHsL™  (By = 1028)mrmmememmmmmmmmmmmmememem oo 14
CaZ* + L6 + 4H* © CaHyL  (Bs = 10321)omememmmmmemememmmem oo -15

TOTCa = [Ca?*] + [CaOH*] + [CaCl*] + [CaS0}?] + [CaL*~] + [CaHL3"] +

[CaH,L2~] + [CaH5L™] + [CaH,L]+ [CANOM] = 0.020M ==-------z=nmmmmmeeenmmev - 16

TOTL = [L"] + [CaL*"] + [CaHL3"] + [CaH,L?"] + [CaH3L™] + [CaH,L] + [H¢L] +

[HsL™] +[H4L*7] +[H3L37] +[HpL* ] +[HL7] = 5 X 1070M ---mmemmmmmmomeemmmoooeeee 17
TOTCI = [CI7] + [CaCl*] = 0.039M -----mrmmmeemmmemmmennncav oo 18
TOTSO, = [S037] + [CaS0,] = 0.011M ----mnnmmmmmmmmmmemeeeee S — 19
TOTNOM = [NOM] + [Ca — NOM] = 4.2 X 107*M ----nmmemmmeemmmenmncnav <mmemmee- 20

By combining 20 equations above, an equation that only contains [Ca?*] unknown can be

got:
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a[Ca?*]® + b[Ca%*]* + c[Ca%*]® +d[Ca®*]? +e[Ca?t] +f=0

Define:

A =By + B[H*] + B3[H*]? + B4[H*]* + Bs[H*]*

B=1+K,K,..Kg[H]® + KoK .. K¢[H*]® + KK, ... K[HH]* + KKK [H*]? +
KsKg[H*]? + Ko [H*]

Then

K
a=A(+——

7
[H+])K8K9K10

K

b= (1 + [H—i]) (AKyo(Kg + Ko) + KgKo(A + BK14)) + A TOTCL - KgKoKyo + A
" TOTSO4 " K8K9K10 + A " TOTL " K8K9K10 + A " TOTNOM " K8K9K10
- A " TOTCa " K8K9K10

K7

c= (1 + T

) (A(Kg + Ko + Ky0) + B(KgKg + KgKyo + KgKyg)) + TOTCI - (A -

K8K9 + A - K8K10 + B - K8K9K10) + TOTSO4 - (A " K8K9 + A - K9K10 + B - K8K9K10) +
TOTL - A - (KgKo + KgKyo + KoKyo) + TOTNOM - (A - KgKyo + A+ KoKy + B -
KgKgK;9) — TOTCa - (A(K8K9 + KgK;o + KoKyp) + B(KSKgKlo))

K7
[H*]

d = (1+27) (B(Kg + Ky + Kyg) + A) + TOTCI - (A~ Kg + B - KgKo + B - KgKyo) +

(A - KlO + B - K9K10 + B - K8K10) - TOTCa - (A(KS + Kg + KIO) + B(KgKg + K8K10 +

KoK10))
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e = (1+[g—1])-B+TOTC1-B-K8+TOTSO4-B-K9+TOTL-A+TOTNOM-B-
Ky0 — TOTCa - (A + B(Kg + Ko + Ky9))

f=—-TOTCa-B

Then 20 unknowns can be solved: Ca?*, CaL*~, CaHL3~, CaH,L?", CaH5L™, CaH,L,
CaOH*, CaCl*, CaS0O,, SO3~, Cl~, HgL, HsL™, H, L2, H5L3~, H,L*", HL5~, LS~ Ca-
NOM, NOM.

If NOM is not considered, then remove equation 10, 20 and [CaNOM] in equation 16.
Then problem becomes 18 equations solve 18 unknowns. And final equation in the form
of [Ca?*] becomes:

a[Ca?*]* + b[Ca?*]3? + c[Ca?*]? +d[Ca%*]+e=0

By using equation above, [Ca?*] and other species concentration can be solved at
different pH. Then total charge of antiscalant species @ is calculated by equation 3 in the
main text.

DTPMP calculation:

H,L0-D= — H;_,LOD= + H*  (K;,ie[1,10])

HyoL © HoLm + H* (Ky = 1/j = 10004 ) e 1
HoL™ © Hgl?™ + H* (K = 1/j = 10208) e 2
Hgl?™ & HyL37 + H* (K = 1/ = 10310 ) rmmmem oo 3
HyL3~ & HoL'™ + H* (Ky = 1/ = 10419 e 4
HeL*™ & HsL5™ + H* (Ks = 1/j = 1051%)cemememm e 5
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HsL5™ © HyLS + H* (Ko = 1/j = 10023 ) ememmmememememeeeeeeee 6

HyL®™ & Hal/™ + H* (Ky = 1/j = 10723 ccmmm e 7
Hsl7™ & HoL8™ 4+ H* (Kg = 1/ = 1083 ) wormmmememe e 8
HoL8~ & HLP™ + HY (Ko = 1/ = 100008 e 9
HL?™ o L107 + H¥ (Kyp = /i = 101258 ) 10
Ca?* + H,0 & CaOH* + H*  (Kyy = K= 10712697 ) 11
Ca? + CI” & CaCl*  (Kyp = K = 1004)mmmmem e 12
Caz+ + 504_ g CaSO4(aq) (K13 =K= 102'36) """"""""""" 13
Ca?* + NOM™! & CaNOM™*  (Kyg = K = 1020)rmmmrmmmmmmmemeeeemeeeemeee 14

Ca?t 4+ H;L1° D~ & CaH;L& D~ (B,ie[2,9])

Ca?t + H,L8 & CaHpL®™  (By = 10504 oo 15
Ca?*t + Hgl7™ & CaH3L®™  (By = 10*41) mommeeme e 16
Ca?t + HyL™ © CaH LY (B = 10378) oo 17
Ca®t + Hgl?™ & CaHsL3™  (By = 1035) ormmmmmmmmmm e 18
Ca?t + Hgl*™ & CaHgl?™  (Bg = 10%352) mommmmmmm e 19
Ca?t + H,13” © CaH,Lm  (Bg = 10189 mommmeoe s 20
Ca?t + Hgl?™ © CaHgL  (B7 = 10M20) mmmmmmmmo e 21
Ca?t + HoL™ & CaHoL* (Bg = 10963) —--momemmmemmmee oo mmmmmmmm e 22

TOTCa = [Ca?*] + [CaOH*] + [CaCl*] + [CaSO}?] + [CaH,L®"] + [CaH3L5"] +

[CaH,L*"] + [CaHsL3"] + [CaHgL2"] + [CaH,L™] + [CaHgL] + [CaHoL*] + [CaNOM]
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TOTL = [L'°"] + [CaH,L®"] + [CaH3L>"] + [CaH,L*"] + [CaHsL3~] + [CaH L%~ ] +

[CaH,L™] + [CaHgL] + [CaHoL*] + [HyoL] + [HoL™] +[HgL?"] +[H,L3] +[HL*"]

+[HgL>~] +[H,L] +[HzL7 ] + [H,L8"] + [HL’] 24
TOTC] = [C17] 4 [CaCl™] =m-mmmmmmmmm e e e e e 25
TOTSO, = [SOF™] 4 [CaS0,] ----mrmmmmmmmreem oo 26
TOTNOM = [NOM] 4 [Ca — NOM] ==-zzzmssseemmmmmmmmmmmmmmmmmm oo 27

By combining 27 equations above, an equation that only contains [Ca?*] unknown can be
got:
a[Ca?*]® + b[Ca%*]* + c[Ca%*]3 +d[Ca?*]? +e[Ca?t] +f=0
Define:
A=1+K;o[H*] + KioKo[H*]? 4+ K1 oKoKg[H*]? 4 KyKo ... K, [H]*
+ Kq0Kg ... Kg[H*]® + K;0Ko ... Ks[H]® + K1 Ko ... K4 [H*]?
+ K10Kg ... K3[HY]® + K1 oKg ... K, [HT]® + K (Ko ... K [HT]O
B = K10K931[H+]2 + K10K9K832[H+]3 + K10Ky ... K7B3[H+]4 + Ky0Ko ... K684—[H+]5
+ K10Kg ... KsBs[HT]® + K10Kg ... K4 B [HT]” + KoKy ... K38, [HT]®
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b = C(BK14(Ky2 + Ky3) + K15K3(B + AKy,)) + B- TOTCl - K1,K; 5Ky, + B
TOTSO, - K;,K;3K;4 + B+ TOTL - K;,K;3K;4 + B- TOTNOM - K;,K;3K;, — B -
TOTCa - K1, K13K14

c = C(B(Kyz + Kyz + Ky4) + A(K15Ky3 + Ki5Kqg + Ki3Ky,)) + TOTCL: (B - Ky5Ky5 +
B Ky2K14 + A Ki5K 3K14) + TOTSO, - (B - Ki5Ky3 + B+ Ky3Kis + A-Kp5K 3Kq4) +
TOTL - B+ (K1,K;3 + Ky2Kq4 + K13K14) + TOTNOM - (B - K;,Ky4 + B-Ky3Kyy + A
K;,K13K14) — TOTCa - (B(K12K13 + Ki3Kqa + Ki2Kqy) + A(K12K13K14))

d = C(A(Ky2 + Ky3 +Kq4) +B) + TOTCl - (B- K5 + A Ki5Kq3 + A-Ki5Kqy) +
TOTSO, - (B-Ky3 +A-K3Kq3 + A-Ki3Kq4) + TOTL B (Kq; + Ki3 + Kqy) +
TOTNOM - (B- K4 + A-K 3Ky + A-K;3Kq4) — TOTCa - (B(K12 + K3 + Kpy) +
A(K12K13 + K12K14 + K13K14))

e=C-A+TOTCl-A-K;, + TOTSO, - A-Ky3 + TOTL B + TOTNOM - A - K,, —
TOTCa - (B + A(Ky, + Ky3 + Kq4))

f=—-TOTCa-A

Then 27 unknowns can be solved: Ca?*, CaOH™, CaCl*, CaSO,, SO3~, CI—, L0,
CaH,L5~, CaH,L5~, CaH,L*", CaHsL3~, CaH L2~ CaH, L™, CaHgL, CaHoL*, H,L,
HoL™,Hgl?, H,L3~, HgL*~,HsL>", H,L8~, H;L7~, H,18~, HL?~, Ca-NOM, NOM

If NOM is not considered, then remove equation 14, 27 and [CaNOM] in equation 23.
Then the problem becomes 25 equations solving 25 unknowns. And the final equation in
the form of [Ca®'] becomes:

a[Ca?*]* + b[Ca%*]3 + c[Ca?*]? +d[Ca%*]+e=0
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By using equation above, [Ca%*] and other species concentration can be solved at
different pH. Then total charge of antiscalant species @ is calculated by equation 3 in the
main text.

PAA calculation:

HLo L™+ H* (K =1/ = 103%) e SURURNR— -1
Ca?" + H,0 © CaOH' + HY (K = K= 1012097 )mmmmmeeoeeeeeeeeeeee 2
Cat 4+ ClI~ © CaClt (K = K= 1004 ) - 3
Ca’* 4+ S07™ © CaSO40aq) (Kiz3 = K= 10%30)mmmmmmmmmmmoeeeeeeeeeeeeeeooo 4
Ca?t + L7 o Calt  (By = 1002 ) oo 5
Ca?* + HL & CaHL**  (By = 10°2)-----mmmmmmmemmmcem oo mmmmmmmmmmneenee -6
TOTCa = [Ca®*] + [CaOH*] + [CaCl*] + [CaS03%] + [CaL*] + [CaHL?*] -------------- 7
TOTL = [L7] + [HL] + [CaL*] + [CaHL2?*] 8
TOTC] = [C17] 4 [CACIt] --mmmmmmmmmmmmmmmmmms e 9
TOTSO, = [S037] + [CaS0,] -==-nnnnnmmmmmmmmmmmmmmmmmmms oo 10

Total charge of antiscalant species calculation follows same procedure as DTPMP and

NTMP calculation.
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Figure S1. Schematic diagram of lab-scale RO desalination setup.
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Figure S2. Effect of antiscalant type and concentration on 24 hours RO permeate flux. A)
DTPMP =0.5, 5] piM, B) NTMP = [0.5, 5] pM, C) PAA =[0.5, 5] pM. D) Effect of
antiscalant type and concentration on percentage of dissolved Ca at 24 hours of
desalination. Feedwater using synthetic drainage water I.
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Figure S3. EDS spectra of membrane surface after 24 hours RO desalination with A) 1
pM DTPMP, B) 1 uM NTMP, C) 1 1M PAA. Feedwater using synthetic drainage water
I. Peaks not identified are Au, which is used to coat the sample before SEM analysis.
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Figure S4. Effect of pH on normalized flux (flux / flux (pH 11, 5 pM DTPMP)) at 24
hours with different antiscalants. Feedwater using synthetic drainage water | with 5 M
NTMP or DTPMP or PAA under various pH.
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Figure S5. Effect of pH on 24 hours RO permeate flux with addition of 5 pM A)
DTPMP, B) NTMP, C) PAA. Feedwater using synthetic drainage water I.
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Figure S6. Effect of pH on contributions of total negative charge of different antiscalant
species. A) DTPMP, B) NTMP, C) PAA.
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Figure S7. Effect of acidic pH on 24 hours RO permeate flux. Feedwater using synthetic
drainage water | with 5 pM PAA.
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Figure S8. Effect of 1 M DTPMP on dissolved calcium percentage at 24 hours RO
desalination with or without 5 mg C/L NOM. Feedwater using synthetic drainage water I.
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Figure S9. Effect of NOM on concentration of total charge of DTPMP species.
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Figure S10. Effect of optimized antiscalant condition on RO permeate flux. Feedwater
using synthetic drainage water II.
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Table S1. Molecular structure of selected antiscalants

Antiscalant name CAS# Molecular structure
Q
9 rg;OH 11
DTPMP 15827-60-8 HO=P— N~~~ ~OH
OH L? k(?l OH
P-OH P-OH
OH OH
i
HO-P-OH
HO\ )
NTMP 6419-19-8 RN
HO o /
; “OH
O~__OH
PAA 9003-01-4
n
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Table S2. Normalized average molar concentration (%) fraction of different elements on
membrane surface after 24 hours RO desalination with different antiscalants. Feedwater
using synthetic drainage water 1.

lement| C N Ca S 0 Scaling

Antiscalant mineral
1 uM DTPMP | 75.04 | 8.74 13.11

1 uM NTMP 13.16 14.33 | 14.84 | 57.67 CaSOqs)

1 uM PAA 12.20 1494 | 15.36 | 57.50 CaSOq(s)
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