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FOREWORD

The Awwa Research Foundation is a nonprofit corporation that is dedicated to the
implementation of a research effort to help utilities respond to regulatory requirements and
traditional high-priority concerns of the industry. The research agenda is developed through a
process of consultation with subscribers and drinking water professionals. Under the umbrella of
the Strategic Research Plan, the Research Advisory Council prioritizes the suggested projects based
upon current and future needs, applicability, and past work; the recommendations are forwarded to
the Board of Trustees for final selection. The foundation also sponsors research projects through the
unsolicited proposal process; the Collaborative Research, Research Application, and Tailored
Collaboration programs; and various joint research efforts with organizations such as the U.S.
Environmental Protection Agency, the U.S. Bureau of Reclamation, and the Association of
California Water Agencies.

This publication is a result of one of these sponsored studies, and it is hoped that its findings
will be applied in communities throughout the world. The following report serves not only as a
means of communicating the results of the water industry’s centralized research program but also
as a tool to enlist the further support of the nonmember utilities and individuals.

Projects are managed closely from their inception to the final report by the foundation’s staff
and large cadre of volunteers who willingly contribute their time and expertise. The foundation
serves a planning and management function and awards contracts to other institutions such as water
utilities, universities, and engineering firms. The funding for this research effort comes primarily
from the Subscription Program, through which water utilities subscribe to the research program and
make an annual payment proportionate to the volume of water they deliver and consultants and
manufacturers subscribe based on their annual billings. The program offers a cost-effective and fair
method for funding research in the public interest.

A broad spectrum of water supply issues is addressed by the foundation’s research agenda:
resources, treatment and operation, distribution and storage, water quality and analysis, toxicology,
economics, and management. The ultimate purpose of the coordinated effort is to assist water

suppliers to provide the highest possible quality of water economically and reliably. The true

XV



benefits are realized when the results are implemented at the utility level. The foundation trustees
are pleased to offer this publication as a contribution toward that end.

Ever-tightening drinking water standards for regulated constituents in drinking water and
continuing concernregarding emerging contaminants mandate the ongoing investigation of potential
sources of these substances in finished drinking water. While monitoring of raw water sources is
important, treatment chemicals should not be overlooked as possible contamination sources. This
report characterizes potential sources of impurities in water treatment chemicals, quantifies levels
of major and minor constituents in products commonly used at water treatment facilities, and
provides practical guidance for selection and application of the highest quality treatment chemical

additives necessary to meet site-specific and industry-wide goals.

Edmund G. Archaleta, P.E. James F. Manwaring, P.E.
Chair, Board of Trustees Executive Director
Awwa Research Foundation Awwa Research Foundatioh
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EXECUTIVE SUMMARY
PURPOSE AND OBJECTIVES

There have been growing concerns in recent years about the quality and reliability of water
treatment chemicals. Concerns have been perpetuated by contamination incidents that received
significant public attention (such as the problems with carbon tetrachloride in chlorine) and continue
as emerging contamination issues arise, including concerns associated with bromate in sodium
hypochlorite. Unfortunately, the industry does not know whether there are widespread problems
associated with contaminants in water treatment chemicals, or if concerns are limited to isolated
events. This project was intended to answer this basic question using the best available information
across the U.S. and beyond. It endeavored to quantify contamination levels in typical water
treatment chemicals and focus on the likely sources of the problems. Finally, the project provides
practical recommendations for utilities and the industry as a whole on how to identify, limit, and
prevent contamination of treatment chemicals to improve water plant operations, lower treatment
costs, and above all, protect public health.

Seven AwwaRF member drinking water utilities and one large chemical manufacturer helped
assess the character, frequency of occurrence, and approaches to reduce or eliminate trace
contaminants in chemicals used for drinking water treatment. In addition, the composition of trace
constituents in commonly used drinking water treatment chemicals was evéluated and their potential
significance on finished water and residuals quality was assessed. The objectives of this project

included the following:

. Assess the extent of problems with trace contaminants in drinking water chemicals
using the literature, utility and manufacturer surveys, and interviews

. Evaluate and describe sources of contamination associated with manufacture or
refinement of water treatment chemicals

. Conduct pilot- and full-scale studies to characterize the composition and partitioning

of chemical contaminants between finished water and residuals
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. Relate differences in composition of treatment chemicals to differences in raw
materials and manufacturing processes

. Bring awareness of issues associated with trace contaminants in water treatment
chemicals to the attention of drinking water utilities and provide practical tools for

utilities to assess and reduce impacts on finished water or residuals quality

Fundamental questions addressed in this research included: Are contaminant levels added
by chemicals important? Do the contaminants remain in the water phase or are they partitioned to
residuals? Can this behavior be predicted? What tools are available to utilities that could be used
to estimate how trace contaminants in chemicals could affect finished water qualify or residuals
quality? Can contaminants in chemicals impact compliance with drinking water MCLs or ability
to meet residuals quality goals or disposal options?

BACKGROUND

With ever-tightening drinking water standards for regulated contaminants and with
identification of potential future constituents of concern through such means as the Unregulated
Contaminant Monitoring Rule (UCMR), it is important to investigate sources of contaminants in
finished drinking water and residuals. Control and monitoring of raw water is always important;
however, treatment chemicals should not be overlooked as possible sources of contamination.

Recognizing the importance of controlling the presence of contaminants in drinking water
treatment chemicals or additives, the United States Environmental Protection Agency (USEPA) and
the American National Standards Institute (ANSI) adopted standards and a certification program
developed by the National Sanitation Foundation-International (NSF) for treatment chemicals and
other direct additives used to treat drinking water [ANSI/NSF Standard 60 (NSF 1999)]. However,
the ANSI/NSF certification program outlined in Standard 60 has certain limitations. One of these
is that certification testing is based upon a few periodic sampling events intended to provide a
general evaluation of the typical quality of products produced by a given manufacturing facility.
Although the testing results are used to establish the maximum allowable dose of a given chemical

so that it will not have an impact on finished water quality, the procedures do not incorporate any



provision to estimate impacts on the quality of water plant residuals. NSF Standard 60 certification
only deals with the quality of the product up to the point the material leaves the production facility,
so contamination that might occur during transport or on-site storage is missed.

The requirement for Standard 60 certified products is an important first step in reducing the .
chances of contamination, but experience suggests that utilities should consider stricter limitations
on treatment chemical quality. Each water treatment facility should also incorporate some type of
inspection and evaluation program to validate that the materials delivered meet the utility’s
specifications, and establish that the material leaving the production facility was not contaminated
during shipment. Some utilities may have the capability and resources to perform more detailed
testing inspections than other utilities. This report includes a description of routine activities that
all facilities should conduct to evaluate each incoming chemical shipment, including inspection of
paperwork, visual inspection of products and delivery vehicles during unloading, checking for

unusual odors and simple physical or chemical tests.

OCCURRENCE SURVEY

In order to establish the types and frequency of problems associated with contaminants in
chemicals used at U.S. drinking water facilities, a survey was sent to about 10 percent of AwwaRF
member utilities, including at least one utility in each state (South Dakota was the only state without
an AwwaRF subscriber utility). In all, about 150 utilities survey forms were distributed and the
response rate was approximately 30 percent (quite good for a survey of this type). Those who
returned completed survey forms generally dedicated a significant amount of effort to the task and
often attached exhibits with example chemical specifications and other details. Responses were
received from utilities in 38 U.S. states, representing the collective experiences of 266 water
treatment plants across the U.S. (see Figure ES.1).

Although there were a few reported concérns about specific trace contaminants, by far the
most frequent complaints reported by water utilities were associated with the presence of gross
contaminants in drinking water treatment chemicals. Many utilities continue to report incidents of
foreign materials, primarily sediment or floating debris in liquid chemicals, even though they are

using NSF certified products. In some instances, utilities were not able to determine the source or



cause of the contamination in the products delivered to their facilities. In other cases, the source of
the contamination was traced to a deficiency in the chemical manufacturing or refining process.
However, the most frequently reported contamination incidents occurred during transport, primarily
associated with improperly cleaned or maintained delivery containers or transfer hoses.

- Another category of problems identified during the utility survey was comprised of blunders
associated with attempted delivery or unloading of the wrong chemical. These were not the same
as contamination issues associated with manufacture or shipment of treatment chemicals, but are
problems that continue to plague U.S. water utilities and were cited frequently during the utility

survey. Common examples of these kinds of incidents include:

. Attempted delivery of a chemical intended for delivery at a nearby wastewater plant
. Attempted delivery to a water plant in a city with the same or similar sounding name

as a city in another region of the country

. Delivery or attempted delivery of wrong chemical, wrong strength, or  wrong
formulation

. Off-loading of chemicals into the wrong storage area

. Off-loading of more chemical than was ordered and exceedance of available on-site

storage capacity

Many of these incidents could have been avoided through the use of inspection programs including
routine activities such as careful checking of paperwork, comparison of amount of material ordered
to amount of on-site storage space available, and supervision by water plant personnel of all
activities associated with delivery of chemical products (connection, off-loading, disconnection and
clean-up). More stringent specifications could also have helped, but an inspection and evaluation
program would still have been needed in order to verify that the more rigorous specifications were

achieved.
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COMPOSITION OF COMMONLY USED WATER TREATMENT CHEMICALS

Using data from published literature, coupled with new information provided by water
treatment chemical manufacturers and suppliers, sources of contamination associated with raw
materials and specific chemical manufacturing processes were identified. Compositional data were
gathered from the manufacturer and water utility surveys, and through a large number of samples
analyzed during this project for up to 28 metals in a variety of treatment chemicals, plus total organic
carbon (TOC) and disinfection by-product precursor (DBP) content for iron- and aluminum-based
coagulants. Chemicals analyzed included aluminum- and iron-based coagulants, sodium
hypochlorite, chlorine, caustic soda, lime, organic polymers, corrosion inhibitors, potassium
permanganate, and hydrofluorosilicic acid.

Compositional data presented in this report indicate that products generated by certain
manufacturing processes or using better quality raw materials can result in products with improved
characteristics. A good example of this was the difference in characteristics of various aluminum-
based coagulants. As indicated in Figure ES.2, standard alum is produced by direct sulfuric acid
leaching of aluminum-containing ore, while low-iron alum is produced by leaching a processed,
higher quality aluminum source with sulfuric acid. Polyaluminum chloride products are produced
by reacting a similar processed aluminum material with hydrochloric acid. Compositional data for
these three general classes of aluminum-based coagulants #howed that standard alum contained
much higher levels of most metals (except sodium and zinc) than low-iron alum or polyaluminum
chloride due to the higher quality of the aluminum source. These differences are represented
graphically in Figure ES.3. Details on the trace metal content of other types of chemicals are
presented in detail within the report.

Analysis of TOC and DBP precursor content in iron- and aluminum-based coagulants
indicated that coagulant doses typically used during water treatment are not likely to contribute
appreciable amounts of these organic constituents. Calculations presented in this report indicate that
the four coagulants tested would result in TOC increases of less than 0.06 mg/L at typical water
treatment doses (50 mg/L as alum and 33 mg/L as ferric sulfate, or about 0.17 mM as Fe or Al). At
these same doses, the potential DBP contribution from aluminum- and iron-based coagulants was

estimated to be less than 1 pg/L.
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SOURCE AND FATE OF TRACE CONTAMINANTS ADDED BY TREATMENT
CHEMICALS

Pilot-scale studies were conducted during this project using three coagulants (alum,
.polyaluminum chloride, and ferric chloride). Full-scale studies were conducted at two participating
utilities, one using alum and polymer as coagulants and the other using ferric chloride. The studies
were performed to assess the significance of trace contaminants in water treatment chemicals and
-how those contaminants partition between finished water and residuals. Observations arising from
that work included:

. More trace metals were contributed by coagulants than by other treatment chemicals
due to higher dose, higher metal content, or both.
. Arsenic, antimony, lead, selenium and silver were typically below detection limits

in treatment chemicals and raw water during pilot- and full-scale studies. Although
these metals were also below detection limits in the finished water, they were often
detected in residuals. Therefore, these metals may have originated in the treatment
chemicals and then concentrated in the residuals streams.

. Higher levels of major cations (calcium, magnesium, sodium, potassium), barium,
and copper were contrfbuted by the incoming raw water than were added by
treatment chemicals (except calcium added by lime addition). This occurred even
in pilot studies using a purified water source with minimal metallic content.

. Metals contributed by both aluminum- and iron-based coagulants included:
aluminum, chromium, cobalt, mercury, nickel, titanium, and vanadium.
Additionally, iron coagulants contributed iron, cadmium, manganese, and
molybdenum while aluminum-based coagulants contributed zinc.

. Metals contributed by coagulants typically partitioned into the residuals streams
rather than into the finished water during both full- and pilot-scale studies.

Table ES.1 provides an overview of the findings from the pilot- and full-scale work. The

table indicates whether the source of a given constituent was predominantly from a treatment
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chemical or raw water, and whether this metal primarily partitioned into the finished water or

residuals streams after treatment. The pilot- and full-scale findings were quite consistent with one

another and suggest that the results would be generally applicable to water utilities across the U.S.

and beyond that employ coagulation.

Table ES.1
Comparison of source and fate of contaminants during pilot- and full-scale studies
Source Fate
Coagulant metals
Aluminum C R
Iron W*/Ct R
Major cations
Calcium \\Y w
Magnesium w W
Sodium W w
Potassium w w
Trace metals
Antimony ND ND
Arsenic ND R
Barium w w
Cadmium ND* / Ct NDorR
Chromium C R
Cobalt C ND orR
Copper W R
Lead ND R
Manganese W* /Ct R
Mercury C ND
Molybdenum ND or W*/C¢t ND* /R¥}
Nickel C R
Selenium ND ND orR
Silver ND ND
Titanium C R
Vanadium C R
Zinc C*/ Wt R
* Aluminum-based coagulants
+Iron-based coagulants
\' mostly from water
C mostly from chemical
R mostly in residuals/sludge
ND not detected



ESTIMATING IMPACT OF CONTAMINANTS IN TREATMENT CHEMICALS ON
FINISHED WATER QUALITY

The maximum allowable dose for a treatment chemical additive of known composition can
be estimated using a methodology based on ANSI/NSF Standard 60. This approach establishes the
maximum allowable dose as the amount of a treatment chemical that will contribute less than 10
percent of any MCL, except that sodium hypochlorite is allowed to contribute up to 50 percent of
the bromate MCL. A key assumption in this approach is that all constituents added by the chemical
partition into the finished water. For treatment chemicals that are added prior to filtration or
clarification, this research shows that this approach is conservative because many of the
contaminants in the treatment chemical will partition into the residuals streams.

Using this approach for data generated during this research project, the limiting dose for
standard alum was calculated as 156 mg/L as alum with chromium as the limiting constituent. The
mercury content of low-iron alum and standard alum were about the same, but chromium and other
metals are removed during production of low-iron alum, as described in this report. Consequently,
for low-iron alum the limiting constituent was mercury and the limiting dose was 189 mg/L as alum.
Limiting constituents for other treatment chemicals analyzed during this project are summarized in
Table ES.2. Key findings from this table include the following:

. Even though the NSF Standard 60 approach is conservative withrespect to predicting
impact of treatment chemicals on finished water quality, limiting doses calculated by
this method were typically far higher than those required at most U.S. treatment
facilities.

. Mercury and chromium were the limiting trace constituents for many products,
including aluminum- and iron-containing coagulants, potassium permanganate, and
corrosion inhibitors.

* ° Therelative trace metals content in sodium hypochlorite, caustic soda, and lime were
much lower than for other chemicals, thereby resulting in markedly higher limiting
doses determined using the NSF Standard 60 approach.
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. The maximum allowable dose for sodium hypochlorite was typically driven by

bromate composition.

Table ES.2

Maximum allowable doses and limiting constituents for typical water treatment chemicals

Maximum allowable Limiting
Treatment chemical dose constituent
Standard alum 14 mg/L as Al Cr
156 mg/L as alum
Low-iron alum 17 mg/L as Al Hg
189 mg/L as alum
Polyaluminum chloride 18 mg/L as Al Hg
Hydrofluorosilicic acid 43 mg/LasF As
Steel pickle liquor- derived ferric 28 mg/L as Fe Cr
chloride 81 mg/L as FeCl,
Titanium dioxide-derived ferric 13 mg/L as Fe Hg
chloride 37 mg/L as FeCl,
Ferric sulfate 8 mg/L as Fe Pb
29 mg/L as Fe,(SO,);
Zinc phosphate 103 mg/L as P Cr
Potassium permanganate 0.8 mg/L as Mn Hg
2.3 mg/L as KMnO,
Sodium hypochlorite* 3.8 mg/L as Cl, BrO;y
Sodium hydroxide > 2,000 mg/L as Na Cu
> 3,500 mg/L as NaOH
Lime 1,320 mg/L as Ca Ba
2,400 mg/L as Ca(OH),

*Metals from this study, bromate (BrO;’) from Delcomyn 2000, 50 percent of bromate MCL allowed

for sodium hypochlorite.
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Bromate in sodium hypochlorite was not analyzed in this research project since that is the
specific focus of other ongoing research. Using mean data reported by Delcomyn (2000), the
limiting dose for sodium hypochlorite was 19 mg/L as Cl,. After this time, careful selection of raw
materials and monitoring and control of the production process have reduced bromate levels to the
point where typical limiting doses for sodium hypochlorite are closer to 80 mg/L as Cl,. Before the
NSF Standard 60 was modified to allow sodium hypochlorite to contribute 50 percent of bromate
MCL rather than 10 percent, the Delcomyn data would have resulted in a calculated limiting dose
of 3.8 mg/L as Cl,. This would have severely limited the use of sodium hypochlorite products in
most U.S. drinking water applications.

Based on this research, and using the NSF Standard 60 approach, arsenic was the limiting
constituent in hydrofluorosilicic acid. Using the highest arsenic result from this research, a
maximum allowable dose of 4.3 mg/L as F was calculated. If the arsenic MCL had been reduced
to 3 pg/L instead of the current 10 pg/L, the limiting dose would have been 1.3 mg/L as F. This
example and the example of bromate in sodium hypochlorite show that very low MCLs for certain
contaminants could impact selection of chemical products and/or force manufacturers to lower
levels of particular trace contaminants.

Although the bromate in sodium hypochlorite and arsenic in hydrofluorosilicic acid examples
show how trace contaminant levels in water treatment chemicals can be a significant problem with
respect to meeting drinking water MCLs, this research showed that these are unusual cases. These
two problems were related to a contaminant that remains in the water phase through treatment
(bromate) and a contaminant present in a chemical added after coagulation and filtration
(hydrofluorosilicic acid). Most other contaminants are contributed by chemicals added early in the
treatment process, especially coagulants, and these contaminants mostly partition to the residuals
streams rather than the finished water.

ESTIMATING IMPACT OF CONTAMINANTS IN TREATMENT CHEMICALS ON
RESIDUALS QUALITY

Although the ANSI/NSF Standard 60 approach addresses the potential impact of treatment
chemicals on finished water quality, this method does not address the potential impact on residuals
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streams. Partitioning study results from this research indicate that residuals quality may be an
important consideration since most of the contaminants added by treatment chemicals partition to
residuals streams. This report provides a simple, straightforward procedure to calculate the
maximum allowable composition in a treatment chemical needed to meet a utility’s residuals quality
goals. The method presented can be used to evaluate any treatment chemical, although results from
this project indicate that coagulants contribute much more trace metals than other treatment
chemicals. A utility could select its specific residuals quality goal based on local disposal or
beneficial use requirements.

The maximum allowable concentration of a trace metal in a coagulant can be calculated using
the following input factors: a) the residuals quality goal, b) amount of trace metal contributed by raw
water, and c¢) dose of coagulant needed. The relationship is defined as:

_L-R_(M*limit) - R

X
Dose Dose
where X = Allowable metal concentration in coagulant so that land application limits or

other residuals quality goals are not exceeded (mg/kg dry)

L = Allowable metal level in sludge per million gallons (MG) of finished water
produced

R = Metal concentration in raw water (mg/L)

Dose = Chemical dose (mg/L)

limit = Trace metal limit or residuals quality goals (mg contaminant per kg dry
sludge)

M = Dry sludge production per volume of finished water produced (e.g., 1b/MG)

The key assumption in this expression is that the ultimate fate of trace metals is residuals.
This could be regarded as a “worst-case” scenario from the perspective of residuals quality, but was
consistent with the actual findings of the metals partitioning studies from this project.

For example, this expression would predict that the maximum allowable molybdenum

content in ferric chloride would be approximately 100 mg Mo/kg of FeCl; for araw water turbidity
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of 6 ntu, a ferric chloride dose of 33 mg/L, a land application limit for molybdenum of 75 mg/kg,
and no detectable molybdenum in the raw water. The highest molybdenum content in ferric chloride
samples analyzed during this project was about 18 mg Mo/kg of FeCl,. In this example, the land
application limit for molybdenum would theoretically not be exceeded under these conditions.
Water utilities that wish to perform similar calculations for their facilities will need to modify some
of the assumptions, especially land application limits and sludge production estimates, for their

facilities.

HOW CAN UTILITIES LIMIT TRACE CONTAMINANTS IN TREATMENT
CHEMICALS?

Figure ES.4 summarizes contamination sources and general control measures evalauted
during this project. Recommended activities for utilities to implement in order to limit the potential
for trace constituents in water treatment chemicals to impact finished water and/or residuals quality

include the following:

. Specify ANSI/NSF Standard 60-certified products

. Employ additional and/or tighter specifications in order to address utility concerns.
Figure ES.5 graphically illustrates the results attained by one utility that tightened its
specification for ferric chloride

. Develop and implement procedures for inspection and evaluation of each incoming
shipment of treatment chemicals. These procedures are detailed in the text

. Require or give preference to vendors who use dedicated delivery vehicles

. Contact NSF if visual inspection indicates potential contamination of products

delivered to a water treatment plant

Utilities can perform additional compositional analyses on delivered treatment chemicals,
as time and resources permit. Also, many utilities interviewed during this project reported success
using cooperative regional purchasing agreements with nearby water plants. An obvious benefit of

cooperative chemical purchase agreements would be economy-of-scale cost savings, but another



consequence can be better quality products because of more clout (especially for smaller utilities)

to enforce tighter specifications.

RESEARCH NEEDS AND FUTURE ACTIVITIES

Research questions and future activities identified from this project include:

. Development of a plan for regional chemical purchasing consortiums to enhance
treatment chemical quality and lower chemical and shipping costs to utilities

. How should general water plant security issues dovetail with treatment chemical
integrity protection?

. Identification of N-nitrosodimethylamine (NDMA) precursors in both natural waters

and water treatment chemicals

. How utility responses to changing regulatory requirements affect treatment chemical
specifications?

. How can chemical specifications provide incentives for suppliers of superior
products?

. Are changes to the NSF Standard 60 protocol for establishing limiting chemical
doses required? '

. Should exceptions be made for certain chemicals or contaminants, such as was done
for bromate in sodium hypochlorite?

. Should the AWWA Standards Council develop standards for trace contaminants in
all drinking water treatment chemicals?
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CHAPTER 1
OVERVIEW

OBJECTIVES

Seven AwwaRF member drinking water utilities and one large chemical manufacturer helped
assess the character, frequency of occurrence, and approaches to reduce or eliminate trace
contaminants in chemicals used for drinking water treatment. In addition, the composition of trace
constituents in commonly used drinking water treatment chemicals was evaluated and their potential
significance on finished water and residuals quality was assessed. The objectives of this project

included the following:

. Assess the extent of problems with trace contaminants in drinking water chemicals
using the literature, utility and manufacturer surveys, and interviews

. Evaluate and describe sources of contamination associated with manufacture or
refinement of water treatment chemicals

. Conduct experimental studies to characterize the composition and partitioning of
chemical contaminants between finished water and residuals

. Relate differences in composition of treatment chemicals to differences in raw
materials and manufacturing processes

. Bring awareness of issues associated with trace contaminants in water treatment
chemicals to the attention of drinking water utilities and provide practical tools for

utilities to assess and reduce impacts on finished water or residuals quality

SIGNIFICANCE OF PROJECT

With ever-tightening drinking water standards for regulated contaminants and with
continuing investigation of potential future constituents of concern through such efforts as the
unregulated contaminant monitoring rule (UCMR), it is important to study potential sources of

contaminants in finished drinking water. Along with control and monitoring of raw water sources,



treatment chemicals should be considered as potential sources of contaminants of concern. The issue
is also important because utilities continue to report instances of drinking water contamination due
to water treatment chemicals, and experience gross contamination with chemicals themselves.
However, until this project was conducted, the industry did not know whether widespread problems
with trace contaminants existed, or whether contaminant levels in chemicals impacted finished water
and residuals quality, beyond isolated incidents.

SCOPE

The discussion in this report deals only with water treatment chemical additives. This
includes consumable products added directly to water in liquid or solid form, or products delivered
to a treatment facility in solid or powder form, then mixed into a solution or slurry prior to use in the
water plant. Most of these chemicals are added to the water stream, but some can be added to
residuals streams, such as clarifier sludge or spent filter backwash water. More durable, non-

consumable materials (such as filter media) or equipment are not the subject of this report.

PROJECT PARTICIPANTS

EE&T is the principal investigator for this project. The effort was supported by seven water

utilities and one manufacturer of water treatment chemicals, as outlined in Table 1.1.

Table 1.1
Participating utilities and organizations

Name of organization Location

Principal Investigator

EE&T Environmental Engineering & Technology, Inc. Newport News, VA

Water Utilities

AWWSC American Water Works Service Company Vorhees, NJ

CwWw Cincinnati Water Works Cincinnati, OH
(continued)



Table 1.1 (continued)

Name of organization Location

Dw Denver Water Denver, CO
PWD Philadelphia Water Department Philadelphia, PA
RDPU Richmond Department of Public Utilities Richmond, VA
SCCRWA South Central Connecticut Regional Water Authority New Haven, CT
SNWA Southern Nevada Water Authority Boulder City, NV

Chemical Manufacturer/Supplier
GCC General Chemical Company Syracuse, NY

The water utilities provided extensive background information including:

. Specifications for ordering and delivery of water treatment chemicals

. Standard operating procedures for delivery of treatment chemicals at water treatment
facilities

. Summary of experiences and anecdotal evidence of difficulties with delivery or use
of treatment chemicals

. Compositional data on different treatment chemicals

These project participants also supplied samples of treatment chemicals used at their facilities
for analysis of trace metals and other constituents. These samples were analyzed by GCC and the
results are presented in Chapter 4. Two of these participants also collected and analyzed water,
sludge, and backwash samples from various points in the water treatment process (on the dates that
treatment chemicals were sampled) so that partitioning of trace constituents in the treatment
chemicals could be evaluated at the full-scale treatment plant. Those results are presented in Chapter
5.

As part of its “in-kind” contribution for this project, GCC provided analytical services for
all of the treatment chemical samples provided by participating utilities. More than 40 treatment
chemical samples were analyzed, including liquid alum, ferric chioride, polyaluminum chloride,

ferric sulfate, sodium hypochlorite, potassium permanganate, hydrated lime, caustic soda, organic



polymers, and a variety of phosphate-based corrosion inhibitors. These results are described in
Chapter 4. In addition, GCC analyzed sludge from the field studies.

The Philadelphia Water Department analyzed trace metal content of sludge and water-phase
samples generated during laboratory bench-scale partitioning studies investigating three commonly
used coagulants (see Chapter 5). The City of Grand Rapids, MI, provided samples and contributed
analytical costs for analysis of trace constituents in three samples of fluorosilic acid. These samples
were analyzed by Short Environmental Laboratories (Sebring, FL). Other contributors to this project
included about 40 drinking water utilities that responded to the survey of AwwaRF subscribers, and
five manufacturers and suppliers of water treatment chemicals that responded to a manufacturer’s

survey.



CHAPTER 2
IDENTIFICATION OF PROBLEMS ENCOUNTERED DURING DELIVERY,
STORAGE, OR APPLICATION OF DRINKING WATER TREATMENT CHEMICALS

FINDINGS FROM OCCURRENCE SURVEY
This chapter identifies and enumerates the magnitude and frequency of problems encountered
during delivery and use of treatment chemicals at drinking water treatment facilities. General

problems identified included:

. Evidence of gross contamination in delivered products such as sediment or floating

debris in liquid chemicals

. Trace contaminants in specific products

. Contamination introduced during manufacturing or refinement of treatment
chemicals

. Contamination introduced during chemical shipment, mostly due to improperly

cleaned or maintained delivery containers or transfer hoses
. Delivery of incorrect product

. Delivery of product that did not meet specifications ordered

Some of these instances were detected before or during unloading of delivered product, while
others were uncovered after the fact. In a few rare instances, contaminated products were identified
after disruptions in operations of key equipment in the treatment process, including chemical feed
equipment. Occasionally, this resulted in poor to unacceptable finished water or residuals quality.
Efforts to reduce the occurrence of these incidents through implementation of stricter specifications

or inspection procedures are addressed in Chapter 6.



AWWSC INTERNAL SURVEY OF TREATMENT FACILITIES

Much of the information provided by the American Water Works Service Company
(AWWSC) for this project was later published by Casale (2001). This information included:

1. Listing of chemicals currently used at their 185 facilities throughout the U.S.

2. Summary of the types of evaluations performed by AWWSC upon delivery of
individual chemicals (specific gravity, odor, visual appearance, pH, etc.)

3. Summary of types of problems encountered in the past with chemical deliveries,
mostly involving presence of sediment or other contamination, delivery of wrong
chemical, or damaged containers

4. Description of instances where contamination of treatment chemicals resulted in
contamination of finished water or treatment residuals

5. Summary of available historical constituent analyses performed by the utility or
reported by manufacturers/suppliers for individual treatment chemicals

Items 1, 3, and 4 are described in more detail in this section of the report, while items 2 and
5 are specifically discussed in Chapters 6 and 4, respectively.

SURVEY OF AwwaRF SUBSCRIBER UTILITIES

AwwaRF supplied a list of subscriber utilities that included >1,100 contact names and
addresses in the U.S., Canada, and from international locations. About 10 percent of the utilities
from this list were selected, with representation from all of the states with AwwaRF subscriber
utilities. Other utilities were recommended by the AwwaRF PAC or others. The resulting
distribution list included about 150 utilities. These included at least one utility from each U.S. state
except South Dakota (no AwwaRF subscribers) and New Mexico (already included in AWWSC
survey), plus appropriate numbers of additional surveys sent to states with proportionately more

AwwaRF subscribers. Five surveys were sent to Canadian AwwaRF subscribers in four provinces.



The utility survey form shown in Figure 2.1 was reviewed and approved by the AwwaRF
PAC, then transmitted to this distribution list at the end of March 2001. EE&T received responses
from 46 utilities in 30 states, representing 81 water treatment plants (WTPs). This is a response rate
of about 30 percent, which is a good return rate given the complexity of survey. These 81 responses;
coupled with the AWWSC internal survey, represent responses from 266 WTPs in 38 states, as
demonstrated in Figure 2.2. Respondents mostly included surface water treatment facilities, but also
included a few groundwater facilities. Facility sizes ranged from less than 1 mgd to greater than 100
mgd.

In general, utilities dedicated a significant amount of effort to their survey responses and
included a high level of detail in many cases. Numerous utilities described frustrating experiences
encountered due to contaminants and other foreign material in treatment chemicals delivered to their
facilities. Many utilities reported that they have either implemented or are contemplating the use
of stricter specifications or testing of chemical deliveries. Utilities mentioned that they are seeking
guidance on how to set up these procedures, and are interested in sharing information about common
experiences with other utilities.

Additional information requested in the survey questionnaire included items such as
specifications, bid lists (lists of chemical suppliers), and written procedures for assessing whether
to accept orreject chemical deliveries. About 80 percent of the survey responses included electronic
or hard copies of one or more of these requested documents. Many respondents appended copies
of analytical data (about half), and most described some of the typical and the unusual problems

encountered with delivery and use of water treatment chemicals.

COMBINED SURVEY RESULTS: AWWSC AND AwwaRF MEMBER SURVEYS

Results from both the AWWSC internal survey and from the AwwaRF member survey are
described in this section of the report. In most instances, the findings from both sets of surveys were

similar, and therefore, results from each survey have been combined.



Treatment Chemical Usage by Survey Respondents

Approximately 30 different treatment chemicals, and about 80 different products from about
90 different manufacturers or suppliers, were identified during the AWWSC and AwwaRF surveys.
The greatest number of chemicals (up to 14 different treatment chemicals at one plant) are used at
surface water treatment plants.

The most commonly used treatment chemicals according to the AWWSC and AwwaRF

surveys include:

. Chlorination agents (roughly 60 percent chlorine gas and 40 percent hypochlorite)
. Fluoridation chemicals (almost exclusively hydrofluorosilicic acid)
. Aluminum sulfate (alum)

. Organic polymers.

. Phosphate-based corrosion inhibitors
. Lime
. Caustic soda
. Iron-based coagulants
. Polyaluminum chloride
. Potassium permanganate
. Other miscellaneous (copper sulfate, sodium aluminate, sodium chloride, etc.)

Alum was the most commonly used metal-salt coagulant cited in the surveys, reported about
three times more often then iron-based coagulants, and about four times more frequently than other
aluminum-based coagulants. Organic polymers were reportedly used about as often as alum, except
that facilities often used more than one type of polymer and applied these polymers at multiple
points in the treatment process.



Problems Identified by Utilities During Chemical Delivery and Application

Although some of the information included in this section is based on a review of plant
records, most is based on personal recollections of individual personnel at a given facility. This
means that a few of the problems are associated with events that occurred a number of years ago.
However, it is important to note that most of the incidents reported in this chapter have occurred in
the ﬁast few years, and many of these incidents continue to re-occur periodically. Some of the
products involved in these incidents have been identified as NSF certified products, though most
utility responses were not specific as to whether they involved NSF certified products or not.

Although the presence of specific contaminants is important, especially those with regulatory
consequences like arsenic, contamination from dirt, dust, debris, and sediment was the most
frequently occurring problem for most utilities. These problems not only make the quality of the
treatment chemical questionable, but also can potentially interrupt the proper functioning of the
chemical feed equipment by clogging storage facilities, piping, valves, and feed pumps. Operational
problems due to gross chemical contamination have been experienced at various treatment plants.
Typical origins of these foreign materials were identified as: 1) the manufacturing process, 2)
delivery truck or tank (improper cleaning between deliveries), or 3) the hose used to transfer
chemical from the delivery truck to the storage facilities (improper or incomplete cleaning between
uses).

Although there were a few recurring concerns associated with particular manufacturing
processes, and isolated incidents associated with manufacture of other specific water treatment
chemicals, the most frequently documented problems occurred after the chemical left the
manufacturing facility. These transport-related incidents occurred frequently enough to concern
water utility personnel across the country. Most of the transport-related incidents occurred in non-
dedicated vehicles. This term refers to the fact that a particular chemical delivery vehicle could carry
a number of different types of chemicals over a short period of time.

The most frequently reported survey problems, are summarized in Table 2.1.
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The following list summarizes some of the survey responses describing problems or incidents

associated with a broad spectrum of treatment chemical products. These include:

. Sediment or contamination in delivered chemicals due to residue from material
previously transported in delivery vehicle. Incidents appeared to be the result of
improperly or incompletely cleaned delivery vehicles

. Contaminated, improperly cleaned, or improperly maintained transfer hoses.
Reported incidents included contamination from residue remaining in hoses from
previous use plus breakdown and release of materials from the hose itself

. Attempted delivery of damaged containers of all types

. Improperly or inadequately equipped and trained delivery personnel

. Lack of accountability by third-party transport companies

. Delivery of wrong material or delivery to wrong address

. Attempted delivery of solid treatment chemicals with damaged or torn containers or
lumpy (caked) material

. Delivery personnel delivering, or attempting to deliver, chemicals into the wrong
storage area

. Rushed delivery of bulk dry materials (i.e., pressure too high). This resulted in
abrasion damage, blown pressure relief valves, and release of dust plumes

. “Blow out” of plugged chemical discharge hoses into the atmosphere, discharging
debris onto driveways and neighboring buildings

. Problems with use of non-standard totes, especially those that are too big and
difficult to maneuver due to their weight

. Dirt, dust, and debris encountered in a variety of liquid and solid chemicals including
sediment, tar-like lumps, newspaper, plastic, and rocks

. Other common delivery problems such as deliveries received outside of normal
operating hours, or attempted deliveries by vendors that do not comply with specified
unloading requirements

11



The above difficulties occurred with many different kinds of chemicals. Survey responses
dealing with problems associated with specific treatment chemical products are listed separately
below. The problems listed above referring to general problems with all types of chemical products
were based on responses from multiple utilities. Most of the problems identified below associated
with individual treatment chemical products are also based upon similar responses received from
multiple utilities, though some responses refer to isolated incidents that occurred at one specific

treatment plant.
Alum

. One incident where delivered alum that did not meet AWWA specifications resulted
in high finished water turbidity and high residual aluminum levels. To rectify this
situation, the utility implemented stricter specifications and periodic analysis of
delivered product.

. One incident of an oily substance in delivered liquid alum that coated the storage
tank. This material was not detected in the finished water. Analysis revealed that
composition of the material was similar to gear oil. The source of the problem was |
traced to a bad seal in the mixer at the manufacturing facility.

. Crystallization of liquid alum caused upset and disruptions of coagulant feed rate at
one utility, which consequently impacted finished water quality. The problem was
traced by the manufacturer to the quality of ore used to make alum (this respondent
did not indicate whether alum was standard or iron-free alum — see discussion in
Chapter 3). Other utilities have also reported feed rate problems due to
crystallization of alum that occurs two to three times per year.

. One incident where discolored material was first accepted, then later rejected, with
the supplier required to clean out storage tank.

. One alum delivery was rejected when odor was detected prior to unloading. The
cause of the odor was later determined to be the result of improper cleaning of a

pesticide product transported previously in the delivery vehicle.
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. Organic material was found in delivered liquid alum products during two separate
incidents, presumably from residual material left in delivery vehicle from previous
shipments.

. Reports of sediment in liquid alum deliveries, including residuals from improperly
cleaned transfer vehicles and transfer hoses, or breakdown/release of transfer hoses.

. One utility reported deliveries of dry bagged alum with grease contamination. In
other instances, crushed plastic debris in dry alum have caused dry chemical feed
system to clog.

. One reported incident of iron bacteria in alum, resulting in clogged transfer line.
Response did not indicate whether iron bacteria growth occurred before or after

delivery.

Ferric Chloride and Ferric Sulfate

. Frequent reports of clogged ferric chloride storage tanks and feed pumps due to
sediment in delivered ferric chloride solutions. Multiple plants have indicated
multiple problems with ferric chloride from various vendors. Several plants have
successfully identified ferric problems prior to unloading. Inspection ofa sample has
indicated suspended solids, discoloration, and tar-like material. Other facilities have
found problems only after excessive buildup of solids in storage tanks and feed
systems have clogged piping and caused an interruption in coagulant feed.

. One incident where a shipment of ferric chloride contained plastic liners from soda
pop bottle caps and large volumes of dirt. The manufacturer’s iron source for the
ferric chloride was old metal soda pop bottle caps. The caps were stored outside on
the ground and dirt was scooped up with bottle caps when loaded into the ferric
chloride production process. The plastic liners of the bottle caps were not dissolved
by the hydrochloric acid during the ferric chloride manufacturing process, and the
particular production process did not include a filtration step prior to delivery. The
plastic bottle cap liners plugged chemical feed pumps and the dirt in the chemical

created even more problems.
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Discolored ferric chloride with large amounts of sediment was rejected after partial
unloading of shipment. The manufacturer investigated the matter and reported that
the manufacturing process had “not been complete”.

One utility switched from alum to ferric chloride for a brief period. After receiving
too many complaints of discoloration and staining in the distribution system, the
utility switched back to an aluminum-based coagulant. Another utility reported a
similar situation where it switched from alum to ferric chloride and had customer
complaints due to staining problems in residential plumbing fixtures. However, the
main reason this utility switched back to alum was not due to customer complaints,
but because of chemical feed problems experienced as a result of settleable solids
present in the ferric chloride.

One utility reported “rare” incidents where sediment in ferric sulfate created
“pumping reliability” problems.

In two instances, contaminants in treatment plant residuals were traced to
contamination of ferric coagulants with arsenic and cadmium.

Sodium Aluminate

Chlorine Gas

Sediment in sodium aluminate delivery due to improperly cleaned delivery

containers.

Carbon tetrachloride was detected in 1-ton chlorine cylinders, resulting from a
chlorine manufacturing processes that includes a processing step using liquid carbon
tetrachloride to recover chlorine. This was reported by at least six utilities in the
AwwaRF survey alone. One utility reported that carbon tetrachloride was always
detected in finished water during these incidents, occasionally at concentrations
above the MCL. This includes incidents that have occurred since 1998.

Many utilities report occasionally receiving damaged 1-ton chlorine cylinders.
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. One utility reported problems with chlorine cylinder valves inserted too deep to
allow proper attachment of chlorine supply lines.

. One large utility had problems with contaminated deliveries of liquid chlorine. This
utility now uses rail cars dedicated to transporting liquid chlorine to and from their

treatment plant.

Sodium and Calcium Hypochlorite

. One utility reported occasionally finding twigs, sticks, and other debris in sodium
hypochlorite.
. Some problems were reported when utilities did not specify filtration of sodium

hypochlorite prior to shipment (sediment and discoloration). Survey respondents
reported that altering specifications to require filtration prior to shipment has
eliminated these problems.

. Concern about bromide, bromate, chlorite, and chlorate in sodium hypochlorite and
calcium hypochlorite (see Chapters 3 and 4).

. One instance of sodium hypochlorite delivery rejected because of detected odor.

. One utility had data demonstrating that incremental increases in bromate levels fouhd
after ozonation, versus levels in its finished water reservoir, may have been due to
use of sodium hypochlorite for residual disinfection.

. One discolored sodium hypochlorite shipment traced to “problem” with
manufacturing process. “Problem” later identified as a wrench that had accidentally
dropped into manufacturer’s storage tank. |

. Trace metal contamination of sodium hypochlorite has been identified at some

facilities.
Sodium Chlorite and Other Chlorite Salts

. One incident where sodium chlorite crystals were dropped into a container of alum

resulting in release of chlorine gas.
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Potassium Permanganate

. Product from sources outside the U.S. have contained lumped or caked product. (see
Chapter 3 for a discussion of manufacturing processes for U.S. versus non-U.S.

products).

Corrosion Inhibitors

. One utility reported problems with feeding zinc orthophosphate due to solids
clogging feed equipment. The source of solids was traced to manufacturer QA/QC
problems.

. Phosphate arrived with hydrogen sulfide (rotten egg) odor and residual material
(apparently polymer) remaining from a previous shipment.

. Multiple facilities have experienced buildup of particulates and foreign materials in

corrosion inhibitor feed systems.

Hydrofluorosilicic Acid and Sodium Fluorosilicate

. Frequent low levels of black particles in hydrofluorosilicic acid deliveries attributed
to breakdown of tank liner in delivery vehicle. One respondent characterized
frequency of occurrence as “always”.

. Bird’s nest and dead bird in solid sodium fluorosilicate jammed and broke feed
equipment. Fluoride feed was disrupted for several days during repairs. No
microbial contamination of finished water was detected, though utility was concerned
since this organic material was fed to the system after chlorine addition.

. One incident where plastic bags clogged feed lines during delivery of sodium
fluorosilicate. Bagged material was used to supplement delivery because vendor did
not have enough bulk material on hand.

. One incident of hydrofluorosilicic acid delivery with layer of waxy material of

indeterminate composition.
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One facility traced the occurrence of 1,2-dichlorobenzene in the finished water to
contaminated hydrofluorosilicic acid.

Iodine contamination was identified in some fluoridation chemicals.

Organic Polymers

Caustic Soda

One utility reported an incident where delivery of the wrong strength polymer upset
the coagulation process and resulted in elevated finished water turbidity.

Another utility lost control of the treatment process because their polymer supplier
could not provide the type of polymer normally used and sent a substitute that was
a completely different type of polymer.

- Chemical loads rejected at one utility when delivered product contained particulate

matter or pH outside of the specified range.

“Gooey” material in polymer shipment formed a separate phase in the storage tank
and required difficult clean-up.

Two loads of polymer were rejected when large chunks of material were found in
samples that were later identified by the supplier as undissolved reactants.

Major incident described by one respondent involved contamination from residual
styrene in improperly cleaned mechanical transfer pump used to offload polymer.
This polymer was used as the primary coagulant at this drinking water facility.
Corrections implemented after this incident included requiring use of pneumatic (i.e.,
pressurized air) devices instead of mechanical pumps to off-load chemicals.

One utility noted problems with polymer deliveries in winter. It needed to reject one

load because it was frozen and could not be unloaded.

Deliveries at one utility contained particulate matter in their caustic soda. The
material was assumed to be residue from corrosion of metal storage tanks and piping

during manufacturer storage and transport of the caustic soda (the particulate matter
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had a high iron content). A replacement shipment was received in time to avoid an
interruption in service.

. One utility noted that occurrences of delivery of the wrong strength product were
more frequent with drum deliveries than bulk deliveries. There were several reported
situations with drum deliveries where the correct strength material was provided, but
was mislabeled as the incorrect strength.

. One sodium hydroxide delivery was rejected because of discoloration. Another load
was rejected at another utility because black, tar-like solids were found floating in the
caustic delivery.

. Temperature of sodium hydroxide was sometimes a problem when the temperature
exceeds 115°F (45°C) because it melted plastic delivery piping.

. In one instance, an unknown "cleaning solution" was inadvertently dumped into a
caustic storage tank resulting in need to flush out and clean the feed system and tanks
before the facilities could be returned to service.

Lime and Hydrated Lime
. One incident where lime delivery was contaminated with urea fertilizer (apparently

residue from previous delivery in delivery vehicle). The incident created problems

in finished water with maintenance of free chlorine residual.

. Several shipments of hydrated lime from one vendor contained large volumes of
sand.
. Problems with pebble lime delivery a couple of times where delivery hose burst,

spraying lime on buildings and surrounding area. Heat from lime generated localized
fires in several cases.

. In two instances, contamination in treatment plant residuals was traced to
contamination of lime with arsenic and zinc.

. One respondent reported finding pieces of screen about three times per year in lime
shipments.
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. Excessive grit, dust, and metallic debris in lime shipments caused one utility to
implement random testing to try to get supplier to exercise better quality control.
Presence of these materials damaged slaking equipment.

. Corn discovered in a lime storage silo several weeks after delivery. The material was
traced to improper cleaning of the delivery vehicle. The vendor paid removal and
disposal costs and the utility now requires dedicated trucks for all deliveries.

. One utility reported recurring problems controlling dust release during lime
deliveries. This utility is considering a switch from lime to caustic soda because of

these difficulties.
Soda Ash
. One utility reported periodically finding chunks of asphalt or stone in soda ash.
Polyaluminum Chloride

. One utility reported having difficulties with high basicity polyaluminum chloride that
always precipitated in storage tanks. It switched to a lower basicity product and

reduced the frequency of this problem to once or twice a year.
SUMMARY OF FINDINGS FROM SURVEYS

Results from the utility surveys suggest that most utilities generally do not have major,
recurring problems with treatment chemicals. However, when contamination or other deficiencies
in delivered treatment chemicals did occur, operations and water quality were sometimes impacted.
However, utilities with some form of an inspection and evaluation program, including simple
activities like checking paperwork, visual inspections, and basic simple physical/chemical tests, did
frequently identify these deficiencies before plant operations were impacted.

When contamination or other deficiencies in treatment chemical quality were detected, the

source was sometimes traced to a deficiency in the manufacturing process. However, the
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overwhelming majority of these contamination incidents were transport-related. Often the source

of the problem was residue remaining in the delivery vehicle from a previous delivery.
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Figure 2.2 Utility survey responses (266 facilities in 38 states)



CHAPTER 3
MANUFACTURING PROCESSES FOR
PRODUCTION OF WATER TREATMENT CHEMICALS

INTRODUCTION

This chapter contains descriptions of raw materials and manufacturing/refining processes
used to produce drinking water treatment chemicals. The goal of this chapter is to outline the
potential sources of contamination during the manufacturing process, how manufacturers control
these sources, and what characteristics are indicators that the production process has not gone to
completion, or that something else has gone wrong during production. One anticipated use of this
information is as a consolidated reference source outlining production processes associated with
commonly used treatment chemicals.

This chapter also forms an integral part of the plan to describe potential contamination
sources in commonly used water treatment chemicals, and ways that water utilities can limit the
occurrence of contamination events. Chapter 2 dealt mostly with transport-related contamination
sources, while this chapter describes sources associated with manufacture of these chemicals.
Manufacturing process descriptions presented in Chapter 3 can aid in the understanding and
evaluation of data presented in Chapters 4 and 5 on composition and fate of trace contaminants.
This chapter is intended as a resource guide for readers. Some will want to focus on learning more
detailed information about several specific chemical manufacturing processes, while others will be

interested in only one.

INFORMATION SOURCES

Information included in this chapter was derived from input by manufacturers of different
water treatment products, and from review of pertinent literature. Various manufacturers and
suppliers provided information about aspects production processes and raw materials associated with
their products, but did not share proprietary information. A general survey of chemical
manufacturers was also conducted, providing an opportunity for them to directly participate in this
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project. The manufacturer’s survey was conducted after the utility survey and some of those
responses were provided to specific manufacturer’s thereby giving them an opportunity to provide
their perspective.

Survey forms were sent to at least one contact at 30 manufacturers or suppliers, some of
which manufacture a few specialized water treatment chemicals and others who handle a wide
variety of products. The number of responses was disappointing with five manufacturers and two
trade organizations returning their forms. However, these sources were able to provide information
about iron and aluminum-based coagulants, caustic soda, chlorine and hypochlorite, potassium

permanganate, sulfuric acid, phosphate-based corrosion inhibitors, and fluoridation chemicals.

DESCRIPTION OF MANUFACTURING PROCESSES

Production or refining processes for the following treatment chemicals are described in the

following discussion:

. Hydrochloric and sulfuric acids

. Aluminum-based coagulants

. Iron-based coagulants

. Fluoridation chemicals

. Phosphate-based corrosion inhibitors

. Chlor-alkali related products (chlorine, caustic soda, sodium hypochlorite)
. Lime

. Soda ash

. Potassium permanganate

Generally, higher quality raw materials result in higher quality finished products.
Conversely, none of the manufacturing processes for treatment chemicals can compensate for poor
quality raw materials to reliably produce finished products of suitable quality.

Production of organic polymers is not discussed in this report. A more detailed discussion

of polymer manufacture is provided in another AwwaRF project entitled “Reaction of
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Polyelectrolytes with Other Water Treatment Chemicals and Subsequent Effects on Water Quality

and Operational Efficiencies”.
Hydrochloric and Sulfuric Acids

Sulfuric acid (H,SO,) is used occasionally to depress pH during coagulation, but hydrochloric
acid (HC]) is not normally used as a water treatment chemical. However, certain hydrochloric acid
products are NSF certified for drinking water use, primarily for pH adjustment and corrosion/scale
control. However, since these acids are used during the manufacture of other chemicals used in
water treatment, their quality indirectly impacts the presence of contaminants in certain water
treatment chemicals. For example, aluminum- or iron-based coagulants contain either chloride or
sulfate, depending upon which acid was involved in the manufacturing process. These acids can
induce contamination in water treatment chemical agents due to either contaminants in the acids
themselves, or their ability to leach contaminants from other raw materials involved in the process.

Hydrochloric acid can be produced from salt and sulfuric acid, from direct reaction of
hydrogen and chlorine gases, and as a byproduct from various processes (including production of
chlorinated hydrocarbons). Sulfuric acid, on the other hand, is typically produced from sulfur oxide
gases. Sulfur oxide gases can be produced intentionally from iron-sulfide (pyrite) or other sulfur
containing materials. These gases can also be recovered as off-gases from processes where air
pollution or other waste generation control concerns mandate their removal prior to discharge into
the environment (see Figure 3.1). In this report, the term “regen acid” refers to sulfuric acid
recovered from sulfur oxide off-gases, while the term “virgin acid” refers to products resulting from
burning of sulfur, hydrogen sulfide, or metal sulfides. Most virgin and regen acids are high quality
products. Poorer quality sources of hydrochloric and sulfuric acids result when they are recovered
or reclaimed after one or more previous uses in other processes.

Hydrochloric and sulfuric acid can potentially contain trace metal or other contaminants
depending upon the source of the material, especially if the acids are recovered or reclaimed from
other processes. Hydrochloric acid is also a much stronger leaching agent than sulfuric acid.
Consequently, hydrochloric acid can potentially leach more trace metals and contaminants from the
same starting material. For this reason, coagulants formed from hydrochloric acid have greater
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potential for contamination, and consequently, greater care should be exercised when selecting raw
materials to react with this acid to form coagulants. For example, high quality aluminum hydroxide
should be used to produce polyaluminum chloride. Arsenic, mercury, and lead are potential
contaminants in sulfuric acid, depending upon the source. Potential contaminants in hydrochloric
acid include residual chlorine or sulfuric acid, and certain organic contaminants (e.g.

monochloroacetic acid).
Aluminum-Based Coagulants

The most commonly used aluminum-containing coagulant is aluminum sulfate, also called
alum. Some utilities use sodium aluminate (NaAlO,). Numerous different polyaluminum chloride
(PAC1) products are also used, including occasional use of a specific product called ACH
(aluminum chlorohydrate). Polymeric aluminum sulfate compounds are analogous to PACI, but are
rarely used. Figure 3.2 outlines the manufacturing processes and raw materials for each of these
coagulants. Other related aluminum containing coagulants include polymeric aluminum silica
sulfate, sodium aluminum sulfate, and polymeric aluminum hydroxychlolosulfate.

Most aluminum sulfate or alum is produced either directly or indirectly from bauxite. Some
alum is produced directly from bauxitic clay (kaolin). It can be packaged as either a solid (i.e.,
dehydrated) or liquid (i.e., solution) form. The liquid form has 18 waters of hydration and typically
comes in solutions that are about 50 percent water and have an active strength of about 7.5 to 8.5
percent as Al,O; (40,000 to 45,000 ppm as aluminum on a wet weight basis). Dry alum has 13 tol4
waters of hydration and has an active strength of 17.0 to 17.5 percent as Al,O, (90,000 to 93,000
ppm as aluminum on a dry weight basis). Dry alum is typically packaged as either a ground or lump
solid. However, both liquid and granular alum have similar aluminum content when both are
expressed on a dry weight basis.

Standard alum, in either solid or liquid form, is produced by leaching bauxite or bauxitic clay
with sulfuric acid (see Figure 3.3). Metallurgical grade bauxite could be used to make standard
alum, except that too many trace metals, particularly iron, can be leached by the sulfuric acid.
Standard alum is typically made from either bauxitic clay or from chemical grade bauxite.
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Iron-free or low-iron alum is made by first reacting metallurgical grade bauxite with caustic
(the bayer process) to form liquid aluminum hydroxide, liquid sodium aluminate, and asolid residue
(see Figure 3.2). Hydrochloric and sulfuric acids can leach trace metals, especially iron, during
direct acid leaching of bauxite as described for standard alum. However, these trace metals are not
leached by caustic, and thus are concentrated in the solid residue rather than in the liquid aluminum
hydroxide product. The aluminum hydroxide and sodium aluminate generated from this process are
both relatively high quality products, though high sodium levels in sodium aluminate can limit some
of its applications. Aluminum hydroxide is used to make a variety of aluminum metal products, but
can be further processed to produce water treatment coagulants such as low-iron alum,
polyaluminum chloride, or aluminum chlorohydrate. Low-iron alum is produced by reacting
aluminum hydroxide with sulfuric acid, with some manufacturers incorporating minor quantities
of recycled aluminum hydroxide or acid. Another use of aluminum hydroxide is to react it with
caustic to produce additional sodium aluminate.

Polyaluminum chloride products are formed by reacting aluminum hydroxide with
hydrochloric acid to form aluminum trichloride, which in turn is reacted with either aluminum metal
or aluminum hydroxide to form PACl. Some manufacturers supplement the PACI] production
process with recycled materials. Polyaluminum chloride products are polymeric compounds with
the general chemical formula Al (OH),,Cl,, ... The actual formulation of a given product tends to
be a closely guarded trade secret, and involves a complex series of reactions that are incompletely
understood, even by the manufacturers. Due to the diversity of polyaluminum chloride products,

they are often described by citing their “basicity” as defined below:

100 percent e m
3n

Basicity =

For example, typical polyaluminum chloride products are usually about 50 percent or about 83
percent basicity (i.e., Al,(OH);Cl; for 50 percent basicity and Al,(OH);Cl for 83 percent basicity).
Lower basicity products are produced by reacting aluminum hydroxide with hydrochloric acid, plus

an additional aluminum source. Higher basicity polyaluminum chloride products are formed by
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adding greater and greater amounts of aluminum metal. The highest basicity products are also called
aluminum chlorohydrate (ACH). ACH is not only used for water treatment, but is also produced in
large quantities for anti-perspirant manufacture.

Direct reaction of sulfuric acid with aluminum metal is possible, but is not suitable for
commercial production of alum. Hydrochloric acid is a much stronger leaching agent than sulfuric
and can be used to leach aluminum from aluminum metal. Thus, although aluminum metal is not
used in alum manufacturing, hydrochloric acid plus aluminum metal and aluminum hydroxide are
used to manufacture PACI and ACH.

For standard alum, sources of contamination are the aluminum source (bauxite or bauxitic
clay) or sulfuric acid. Arsenic, mercury, and lead are possible contaminants in the acid, depending
upon the source. However, if virgin or other high quality sulfuric acid sources are used, the main
source of contamination for standard alum is the aluminum source. Characteristics of standard alum
from bauxite include: greater than 500 mg/kg iron, greater than 20 mg/kg chromium, higher
titanium, and potential for high insoluble matter content. - Characteristics of alum produced from
bauxitic clay are similar, except that there is generally higher potassium, higher sodium, and more
waste generated (the rule of thumb 1s a 1:1 ratio of waste versus alum production using bauxitic clay,
versus a 1:3 ratio of waste versus alum production using bauxite).

Low-iron alum has much lower potential for contamination than standard alum, especially
when high quality (i.e., non-reclaimed) source materials are used. In such instances, low-iron alum
is characterized by higher sodium, high zinc, ten times less iron, and lower trace metal
concentrations than from standard alum. Since polyaluminum chloride is produced by a reaction
pathway that is similar to low-iron alum, as indicated in Figure 3.2, its trace metal content is similar
to low-iron alum. Polyaluminum chloride does have higher aluminum content than most low-iron
alum products, and the aluminum content increases as PACI basicity increases. Potential
contaminants from recycled aluminum raw materials are limited only by the source of the recycled

material. These could include trace metals, radionuclides, or dioxin.
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Iron-Based Coagulants

Iron-based coagulants used in drinking water include ferric chloride (FeCl,) and ferric sulfate,
(Fey(S0O,),), with ferrous forms (FeCl, and FeSO,) occasionally used for wastewater and other

applications. Sources of iron-based coagulants are summarized in Figure 3.4 and include:

. Ferric chloride and ferric sulfate by-products produced during titanium dioxide
manufacture
. Ferric chloride and ferric sulfate produced by oxidation of ferrous salts contained in

steel pickle liquor

. Direct hydrochloric and sulfuric acid leaching of iron ore and scrap iron.

The direct acid-leaching approach closely resembles leaching of bauxite with sulfuric acid
to produce standard alum. Approximately 80 to 95 percent of the ferric sulfate material suitable for
potable water use is produced by direct acid leaching of iron ore and scrap. By contrast, only minor
amounts of ferric chloride are produced by the direct acid leaching of iron ore and scrap. Most ferric
chloride is produced either as a by-product from the titanium dioxide manufacturing process (about
25 to 33 percent of ferric chloride produced in the U.S. and Canada) or by oxidation of ferrous iron
in steel pickle liquor (about 67 to 75 percent of U.S. and Canadian ferric chloride production).

.Details regarding the manufacture or recovery of iron salts from these three process
approaches are described separately below. The bulk of this discussion focuses on issues related to
quality of the iron source. However, the quality of the acids and oxidants involved can also impact
the quality of the finished iron coagulant product and should not be overlooked as a potential source

of contaminants.
Iron Coagulants Produced as By-Products from Titanium Dioxide Manufacture

Titanium dioxide (TiO,) is principally produced for use as a white pigment in paint, plastics,
paper, and inks. It can also be used as catalyst, sunblock, or in ceramic manufacturing applications.

The titanium dioxide production process can proceed along one of two pathways, one involving
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oxidation with chlorine, and the other involving acid leaching with sulfuric acid. These pathways
both involve multi-step processes in which titanium and iron-containing ores are either leached with
acid or oxidized with chlorine, then processed and separated to produce the desired titanium dioxide
final product. Along these pathways, ferric salts are produced as by-products; ferric sulfate in the
sulfuric acid process and ferric chloride in the chlorine process. Historically, the acid leaching
process has been most common, but production by oxidation with chlorine has become more
prevalent because of environmental and regulatory difficulties in disposing of wastes from the acid
leaching process. However, improvement in handling of the acid leaching process wastes has
progressed so that there is no longer any inherent difference in the environmental acceptability of
the chlorine oxidation versus acid leaching process wastes (Kroschwitz 1994, 1999).

Potential contaminants in TiO,-derived ferric coagulants, in addition to trace metals leached
from the source minerals, include hexachlorobenzene, dioxin, and radionuclides. In fact, TiO,-
derived ferric products have been discontinued for use in poultry feed supplements because of risk
for bioconcentration of these organic contaminants.

Another unresolved question related to ferric coagulants produced by this process is how
factors that optimize the quality of the quality of the desired final titanium dioxide product impact
the quantity and quality of ferric by-products. For example, according to the literature, the titanium
containing minerals used in the chlorine oxidation process have a lower iron content than do the

titanium minerals used in acid process.

Iron Coagulants Produced from Steel Pickle Liquor

Pickling agents can be alkaline, but most are acidic. These acids are used to remove surface
oxides, also called rust, scale, and smut, that form at the surface of steel products. Sulfuric acid has
been used in the past, but hydrochloric acid is the preferred pickling agent because it is a much more
aggressive. The pickling agent must be aggressive enough to remove the rust, but must be controlled
by temperature, concentration, degree of agitation, use of inhibitors, or other measures to limit or
prohibit leaching of the base metal.

The acidic steel pickle liquor contains dissolved ferrous salts and other dissolved metals.

This pickle liquor contains roughly 10 to 12 percent iron in the form of ferrous chloride when
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hydrochloric acid is used as the pickling agent. When this pickle liquor source is used for ferric
chloride production, material is shipped to a ferric coagulant production facility where it is
supplemented by iron ore/scrap sources, concentrated using a proprietary method, filtered, oxidized
with chlorine, and then returned to the same vehicles that delivered the original pickle liquor.

According to a manufacturer of ferric salts using oxidation of steel pickle liquor, customer
complaints due to delivery of ferric coagulants with large amounts of sediment led to the inclusion
of the filtration step in the early 1990's. This filtration step has significantly reduced the number of
complaints. Most sediment in current deliveries of finished product are believed to be residue
remaining in delivery vehicles from preceding deliveries of unoxidized steel pickle liquor. The
industry tends to use the same vehicles both to transport unoxidized steel pickle liquor to the ferric
chloride manufacturing facility, and to transport the finished oxidized products. Some installations
pass the finished product through a bag filter or strainer while loading the delivery vehicle, if
requested by the client.

As with other water treatment products, the quality of iron coagulants is only as good as the
starting raw materials. In general, none of the manufacturing and refining process for water
treatment chemicals can make up for a contaminated or otherwise poor quality starting material.
However, although nominally a by-product of the steel making process, high quality ferric chloride
products produced from steel pickle liquor are used successfully by numerous drinking water utilities
throughout the U.S. The mechanisms by which ferric chloride produced from steel pickle liquor can
produce a higher quality product than could be produced by direct acid leaching of iron ore and steel

products are summarized below:

. Different iron ores can contain many other metals in the lattice. These metals can
end up in the ferric coagulant following direct acid leaching of the ore. The quality
of iron salts produced by direct acid leaching can be improved by starting with a
higher quality ore.

. Steelmaking involves purifying the ore to create a product with elemental carbon
added to iron to make steel. Many of the metallic impurities from the ore are

removed and discarded during the steelmaking process. Therefore, processed steel
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contains fewer impurities than the original ore, assuming that the steel is not
supplemented with molybdenum, chromium, nickel or other metals.

. “Pickling” of steel involves using hydrochloric or sulfuric acid to remove oxides that
form at surface of steel. Iron oxides and a few other metallic oxides formed at the
steel surface are likely to contain less trace metal constituents than the parent steel
itself because many of the trace constituents deep inside the steel matrix will not be
able to migrate to the steel surface.

. Therefore, by this argument, ferric chloride from steel pickle liquor is of higher
quality than ferric chloride from the parent steel or from the original ore. The reason
for this is that the proportion of iron to trace constituents gets progressively greater

in moving from ore to steel to surface oxides.

Pickle liquor from surface treatment of most steel products can be suitable for further
processing to produce ferric salts for drinking water treatment, especially if the coagulants meet NSF
criteria. One exception is iron coagulants produced from steel pickle liquor resulting from acid
leaching of steel wire. Since lead is used as a “drawing” agent to produce steel wire, iron-based
coagulants produced from pickle liquor resulting from surface treatment of wire products will
contain too much lead to pass NSF certification for use at drinking water plants, though these

products are sometimes suitable for wastewater applications.

Iron Coagulants Produced from Direct Acid Leaching of Iron Ore and Scrap

Two U.S. patents that describe similar methods for production of ferric sulfate from iron
ore/scrap and sulfuric acid are available in Everill (1989) and Hjersted (1987). The process
summarized by Everill involves a pressurized batch process in which prescribed amounts of reactants
are processed under specific temperature and pressure conditions for a specified period of time. In
this case, the reactants include a proprietary processed ore with a large fraction of the iron already
in the ferric state. Additional reactants include water and acid.

The process described by Hjersted includes a sequence of batch reactions in which iron ore

and scrap are leached with acid, then processed through two oxidation steps, followed by filtration,
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and finally dilution to required strength. The preliminary oxidation step uses air or molecular
oxygen for about a half day, followed by a second stage oxidation with hydrogen peroxide for about
three hours. A critical method to control the correct proportion of reactants, specifically in order to
avoid adding excess acid, is to assay the iron ore and scrap sources for iron content so that
| stoichiometric amounts of acid can be added (1.5 moles of sulfuric acid per mole of iron in iron
source). This not only optimizes the amount of acid reactant used, but also limits potential for over
dosing with acid, which can create problems with pH control when the iron product is used to
coagulate water.

Both of these manufacturing processes depend upon using high quality iron ores of known
iron content, coupled with strict control of temperature, pH and reaction time. Proper temperature
control is critical for all methods of producing iron-based coagulants (including those from steel
pickle liquor) because this influences conversion of ferrous to ferric iron. That conversion not only
impacts the ability of the product to act as coagulant, but also impacts subsequent production of

sediment. In general, more ferrous iron content results in more sediment generation during storage.
Fluoridation Chemicals

Chemical forms of the three commonly used fluoridation chemicals include
hydrofluorosilicic acid (H,SiF¢), sodium fluorosilicate (Na,SiF,), and sodium fluoride (NaF).
- Of the three major potential fluoridation chemicals, sodium fluoride is the least used in the
U.S. Sodium fluoride is produced by reacting hydrofluoric acid with either soda ash or caustic soda.
The hydrofluoric acid is produced by reacting sulfuric acid with fluorospar (CaF,). Some sodium
fluoride products are NSF certified, including materials imported from China, Japan and Europe.
However, these sodium fluoride sources are much more expensive than the fluoride available as a
by-product from the phosphate production process. Therefore, there is little current use of sodium
fluoride in U.S. for drinking water treatment.
Sodium fluorosilicate and hydrofluorosilicic acid used in drinking water are produced almost
exclusively as by-products from phosphate manufacture by the “wet process”. This process is
outlined in Figure 3.5 and in EFMA (2001). The fluoride source used to make hydrofluorosilicic

acid and sodium fluorosilicate originally comes from minerals called apatites, otherwise know as

33



phosphate rock. Apatites contain calcium, phosphate, and iron, plus variable amounts of silicon,
magnesium, potassium and chloride. The bony structure of human teeth are composed of apatite.

Apatite is not used with the goal of producing hydrofluorosilicic acid or sodium
fluorosilicate. Apatite is used to produce phosphoric acid, which in turn is used to make fertilizer
or animal feed supplements. It could also be further purified for direct use as phosphoric acid, or
for production of other phosphate-containing products, such as food and beverage additives.
Unfortunately, one of the processing steps typically used in phosphoric acid production involves
acidification of a silicon- and fluoride-containing waste stream. This leads to liberation of acutely
toxic hydrofluoric and silicon tetraﬂuoride gases (see Figure 3.5). Consequently, part of the cost of
phosphoric acid production using this method is the need to clean the silicon tetrafluoride- and
hydrofluoric-containing gas with a wet scrubber. The liquid product from the wet scrubber contains
a large amount of hydrofluorosilicic acid. The liquid product can be processed for direct use a
hydrofluorosilicic acid product for drinking water use, or the liquid recovered from the scrubber can
be reacted with soda ash to form solid sodium fluorosilicate. Although other processes can produce
either hydrofluorosilicic acid or sodium fluorosilicate, products from these other pathways cannot
be produced as cheaply as the fluoride products derived as by-products from phosphoric acid
production.

Hydrofluorosilicic acid is one of the products that is routinely delivered in dedicated vehicles,
principally because the product is so corrosive that it must be delivered in special lined tanker trucks.
One supplier notes that about 80 percent of their deliveries to water utilities, or to intermediate
distributors/resellers, are made in dedicated vehicles. The manufacturers and suppliers are aware
of the problems utilities have noted with delivery of black particulates in hydrofluorosilicic acid.
A suggested inspection and preventative maintenance program to reduce these incidents would
include periodic replacement of lining material in delivery vehicles, periodic inspection of interior,
filtration at the point of origin, and filtration of the product as it is off-loaded at the water treatment
plant.
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Phosphate-Based Corrosion Inhibitors

Phosphoric acid is the second largest volume mineral acid produced, after sulfuric acid
(Kroschwitz 1999). Figure 3.6 briefly summarizes the two major processes for phosphoric acid
production. The first is a high cost, energy-intensive, and high purity “thermal” process, while the
second is the much more widely used “wet” process. The wet process phosphoric acid or WPA is
produced by leaching phosphate-containing minerals called apatites with dilute sulfuric acid, as
illustrated previously in Figure 3.5. Unpurified WPA can be used to make fertilizer or animal feed
supplements. Wet process phosphoric acid can be purified to roughly the same quality as acid from
the much more expensive and energy intensive thermal process, and then used for manufacture of
products requiring higher purity, including food and beverage additives. One family of phosphate
products of interest to water industry are phosphate-containing corrosion inhibitors, including zinc
orthophosphate produced by reacting zinc sulfate (ZnSO,) with trisodium phosphate (Na,PO,).

The wet process is less expensive but does create some waste products that must be properly
managed. To minimize quantities of these wastes, some manufacturers recycle a portion of the
processing water and use it to dilute the sulfuric acid rather than using tap water or other water
sources. Recycling these waste streams not only reduces consumption of water, but also leads to
recovery of residual phosphorus in these waste streams. Unfortunately, thesé waste streams also
contain silicon and fluoride, which evolve as acufely toxic silicon tetrafluoride and hydrofluoric acid
gases when acidified. These gases need to be passed through a scrubber before the gas can be
discharged.  Fortunately, the fluoride collected in wet scrubber can be recovered as

hydrofluorosilicic acid or sodium fluorosilicate and can be used for drinking water fluoridation.
Chlor-Alkali and Related Products

The chlor-alkali processes involve the electrolytic conversion of chloride salt brines into
chlorine gas, hydrogen gas, and either caustic soda or caustic potash, depending upon whether
sodium chloride or potassium chloride salt brines is used. Synonyms for caustic soda and caustic
potash are sodium hydroxide and potassium hydroxide, respectively. Other chlor-alkali products

include hydrochloric acid, soda ash, sodium hypochlorite, and calcium hypochlorite.
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Since sodium chloride salt brines are the most commonly used, this discussion focuses on
sodium-containing products, rather than potassium-containing products. Potassium would replace
sodium if potassium chloride salt brine was used instead of sodium chloride. Figure 3.7 illustrates
the products produced from chlor-alkali processes using sodium chloride.

There are three alternative chlor-alkali processes, including mercury cell, diaphragm cell, and
membrane cell. The main similarity between these processes is that chloride ion is oxidized to
chlorine gas at the anode in each system. The principal difference between the three processes is the
method by which chlorine gas produced at the anode is separated from sodium hydroxide products
at the cathode. A fourth type of electrolytic cell will also be described that does not have any means
of separating chlorine gas and sodium hydroxide so that they are free to react to form sodium

hypochlorite.
Manufacture and Separation of Sodium Hydroxide and Chlorine Gas

Information sources presented here on chlor-alkali processes were derived from Kroschwitz
(1994) and White (1986). The three chlor-alkali processes are described first, followed by a separate
section describing production of hypochlorite.

The membrane and diaphragm processes both involve a single electrolytic cell with a barrier
placed so that chlorine gas production at the anode can be isolated from the cathode. Figure 3.8
includes a schematic representation of these two processes.

In each process, sodium chloride brine is fed to the process and chlorine gas electrolytically

- produced at the anode (“+” electrode) as described by the following reaction:
2CIF—Cl+e™

The chlorine gas is saturated with water vapor, and therefore, is processed by a cooling step
followed by a “drying” step (acidification with concentrated sulfuric). The dry chlorine gas is then
liquified (compressed) so that it can be stored and shipped as liquid chlorine. Off-gas from
liquefaction, i.e., chlorine gas that is not liquified, plus other mixed gas streamns that contain chlorine

gas can be processed using a carbon tetrachloride (CCl,) adsorption process as outlined in Figure 3.9.
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For example, residual chlorine gas in nominally “empty” tank cars and chlorine cylinders can be
recovered along with other chlorine-containing gas streams. Chlorine in a mixed gas stream is
dissolved in liquid carbon tetrachloride, while the remaining gases can be vented to the atmosphere
(Kroschwitz 1994). Chlorine gas is then separated from carbon tetrachloride and returned to the
liquefaction process while carbon tetrachloride is recovered and recirculated back to the chlorine gas
TECOVETY Process.

The reaction at the cathode in either the diaphragm or membrane electrolytic cell is as

follows:

2H,0 — H, + 2 OH-

The hydrogen (H,) gas is recovered at the cathode. The solution on the cathode side of the
membrane cell is about 30 percent sodium hydroxide, which is typically cooled and concentrated
to about 50 percent strength. The solution on the cathode side of the diaphragm cell is a mixture of
about 10 percent sodium hydroxide and 15 percent sodium chloride. Sodium chloride is separated -
and returned to the electrolytic process as salt brine, while the remaining sodium hydroxide is chilled
and concentrated to about 50 percent strength.

The mercury cell involves two sequential electrolytic processes as outlined in Figure 3.10.
The first electrolytic cell is commonly designated as the “electrolyzer” while the second cell is
referred to as the “decomposer”. Chlorine gas is produced in the electrolyzer, and sodium hydroxide
plus hydrogen gas produced at the decomposer.

Historically, the mercury process was used more frequently in Europe and Japan, whereas
the diaphragm process was predominant in North America, principally due to the availability of
asbestos sources in U.S. In 1988, U.S. capacity for chlorine was 13 x 10° tons/yr, with 80 percent
produced west of the Mississippi River. Mercury and diaphragm processes predominate east of the
Mississippi River, while west of the Mississippi River >85 percent of chlorine production is from
diaphragm process. In the future, additional capacity or replacement of existing capacity is expected
to be produced by new membrane units (Kroschwitz 1994).
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Manufacture of Sodium or Calcium Hypochlorite

Sodium hypochlorite (NaOCl) can be produced directly in an electrolytic cell similar to the
membrane or diaphragm cell, except that products at the anode and cathode are not isolated so that
sodium hypochlorite can be produced instead of separately producing hydrogen gas, chlorine gas,
and sodium hydroxide solution. Alternately, sodium hypochlorite can be produced by reacting
chlorine gas produced from any process with sodium hydroxide produced separately by any process.

The production of sodium hypochlorite can take place at a centralized location, with solutions
up to 15 percent available as shipped from the production facility to the customer. The difficulty
with this is that sodium hypochlorite solutions are unstable and can quickly decay, thereby lowering
effective strength and leading to production of undesirable decay products (chlorite [C1O,~] and
chlorate {C10;7]). The stability of sodium hypochlorite deteriorates at higher concentrations, higher
temperatures, longer storage times, lower pH, or when trace amounts of iron, copper, nickel, or
cobalt are present.

Therefore, an alternative to shipping sodium hypochlorite from a centralized manufacturing
plant is to generate sodium hypochlorite on-site, at the drinking water treatment plant. On-site
sodium hypochlorite generators can be either direct electrolytic cells, i.e., similar to a diaphragm cell
without a diaphragm, or the on-site process can actually be a composite process where a membrane
electrolytic cell, for example, produces chlorine gas and sodium hydroxide separately, and then
chlorine gas and sodium hydroxide products are reacted in a separate part of the process to produce
sodium hypochlorite (White 1986). In either situation, raw materials needed are salt and water, or
naturally occurring saltwater if a suitable source is available.

Calcium hypochlorite [Ca(OCl),] is produced by reacting slaked lime [Ca(OH),] with
chlorine gas, produced almost exclusively on-site. Raw materials are chlorine gas and lime. Support

facilities needed on-site include lime slaking equipment.
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Sources of Contamination

Impurities in chlorine, and sources of these impurities, are listed in Table 3.1 (table derived
from White 1986). Moisture causes the most potential problems in chlorination equipment
(corrosion). Other constituents of concern to drinking water operations are carbon tetrachloride
(Cairo et al. 1979), chloroform and other halogenated hydrocarbons, and nitrogen chloride (NCl,
(nuisance taste and odors, éxplosive hazard). Also of interest is bromine (Br,), bromine chloride
(BrC1), and other brominated contaminants in chlorine gas, including potential bromate (BrO,™)

formation in sodium hypochlorite.

Table 3.1

Impurities and major sources of contamination in chlorine (derived from White1986)

Impurities
Gases = CO,, H,, O,, N,, NCl,
Volatile liquids and solids = Br,, CCl, CHCl; HCl, H,0, CH,Cl,, C,Cl,, C,Cl,
Solids = FeCls, Fe,(SO,);, H,SO,

Sources
. Moisture entrapment during packaging
. Ammonia in brine
. Organic impurities in salt
. Graphite from carbon anodes in all processes, or from packed beds in the mercury
process
. Hydrocarbons from lubricants, pump seals and packing, etc.

. Chlorine gas recovery system (CCl,) - See Figure 3.9

. Chlorine used for drinking water needs to be segregated from Cl, gas recovery
process (because of potential CCl, contact), though AWWA Standard B301 allows
use of chlorine gas from these sources if CCl, is measured and found below 100 ppm

(otherwise, CCl, in Cl, does not have to be measured)
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Impurities in sodium hypochlorite that are of particular concern in drinking water
applications include chlorite, chlorate, and bromate. Chlorite and chlorate are decay products of
hypochlorite ion (OCI™) as described by Gordon et al (1995). Bromate is produced from bromide
impurities in the salt used to generate chlorine gas, sodium hydroxide, and sodium hypochlorite
(Chlorine Institute 1999). Chlorite and bromate levels in drinking water have primary MCLs of 1.0
mg/L as C10,~ and 0.010 mg/L as BrO; ™, respectively. These MCLs are currently included in the
Stage 1 DBPR, and are scheduled to be retained at these levels in the Stage 2 DBPR.

Lime

Lime (Ca0), also called quicklime, is produced in a heated kiln using crushed limestone
(CaCO;) minerals as illustrated in Figure 3.11. Quicklime can be sold as pebble lime, or crushed
to produce ground or pulverized lime. Hydrated lime, also called slaked lime, is produced by
hydrating quicklime.

Trace impurities in solid CaO products can end up in Ca(OH), products derived from these
products, and these can end up in the finished water or treatment plant residuals. One utility survey
respondent (Chapter 2), for example, noted an incident where arsenic and zinc contamination in
residuals was traced to impurities in lime products. However, lime processing does not incorporate
any steps to limit or remove these trace impurities if they are present in the raw materials.
Consequently, selecting high quality raw materials is the only real defense against trace impurities
for lime products.

Mechanical processing is of greater importance for lime products because of the need to limit
presence of materials that can damage or inhibit slaking equipment or chemical feed equipment.
However, processing steps also need to be monitored so that they do not produce unintended
consequences (e.g., broken pieces of screening material in lime, as noted in the survey). However,
the greatest potential source of contamination in lime products probably occurs after processing, i.e.,

foreign debris added during storage and transport.
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Soda Ash

The two major soda ash (Na,CO,) sources include mined material and synthetically produced
material. Most soda ash used in areas outside the U.S. have been produced synthetically using the
Solvay process as outlined in Figure 3.12. However, synthetic production in the U.S. is declining
due to high energy costs and environmental concerns about disposal of calcium chloride (CaCl,)
wastes from Solvay process. Consequently, most of the soda ash available in the U.S. is derived
from mining in the western U.-S. (Kroschwitz 1999, McCoy 2000, and Cunningham 2000).

As with lime, trace impurities in mined soda ash are probably mostly a function of the quality
of the source, and the greatest contamination threat is foreign debris added during storage and/or
transport.

Potassium Permanganate

Potassium permanganate (KMnQ,) is produced in the U.S., China, the former USSR
(Crimea), India, Spain, and the Czech Republic. Potassium permanganate production methods
include (a) liquid-phase oxidation, (b) a process called “roasting”, and (c) single-stage, anodic
oxidation of ferromanganese materials. The roasting process is the most common method used
outside the U.S. In the U.S., potassium permanganate is manufactured using a large scale, continuous
liquid-phase oxidation process. Some locations outside the U.S. also use a similar, smaller scale,
liquid-phase oxidation process that involves a sequence of batch operations rather than the
continuous process used in U.S. Single-stage electrolytic production of potassium permanganate
is only available at one facility in the former USSR.

The liquid-phase oxidation process is outlined in Figure 3.13 from information provided by
AwwaRF PAC member Mr. Phil Vella (Vella 2000), complimented by information available in the
literature (Kroschwitz 1994). This process starts with oxidation of manganese oxide (MnO,) ore and
caustic potash (KOH) in the presence of air, producing K,MnO, as an intermediate product. This
intermediate product is later oxidized in an electrolytic cell, converting K,MnO, into potassium
permanganate (KMnO,). This material is later separated and dried to produce a dry powder shipped

to the customer.
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The roasting process used to manufacture most products outside the U.S. involves high
temperatures and high caustic potash (KOH) concentrations to produce potassium permanganate
(KMnO,) from manganese oxide (MnO,) as illustrated in Figure 3.14. The process uses two
sequential roasting kilns in place of the “liquid-phase oxidizer” and “K,MnO, separator” steps in the
liquid-phase oxidation process described in Figure 3.13. One difference between the two processes
is that the roasting process includes two intermediate products (K,MnO,and K;MnO,) instead of just
one (K, MnQ,) in the liquid-phase oxidation process. The rate-determining step for the roasting
process is typically the rate at which water is removed from the K;MnO, intermediate product.
Larger diameter roasting kilns are being used in new installations to more finely distribute the
KOH-H,0-MnO, spray in order to reduce the amount of undesirable agglomeration of the roasted
material.

The water utility survey responses frequently referenced problems feeding potassium
permanganate in the past due to caked or lumped products. However, all of these incidents were
described as occurring with materials manufactured outside the U.S. Furthermore, all utilities
reporting problems with caking and lumped products mentioned that the problem has not occurred
since they switched to suppliers of the U.S. produced product (continuous, liquid-phase oxidation
process). The preceding paragraph describes some solutions that manufacturers of potassium
permanganate outside the U.S., who mostly use the roasting process, are investigating to reduce the

amount of lumping and caking in these other products.
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