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Abstract:

Few studies have investigated trace metal removals with water treatment unit operations and processes.
Nowhere in the literature has the author found a reference to trace metal removal with a direct filtration
water treatment scheme. To provide this basic information, a direct filtration pilot plant was used to
collect cadmium and lead removal data.

The major variables investigated were coagulant dosage and pH. In addition, the effects of coagulant
type, polymer, alkalinity and humic materials on cadmium removal efficiencies were studied.

The direct filtration pilot plant was modeled to incorporate many of the design features of operational
direct filtration plants. Forty-four pilot plant runs were conducted to collect samples for the following
measurements: pH, turbidity, headloss changes and metal concentration. Metal samples were analyzed
on a custom built atomic absorption spectrophotometer developed at Montana State University.

Cadmium and lead removals obtained with direct filtration were not significantly different from
removals reported in the literature for conventional coagulation water treatment.

Cadmium removal was strongly pH dependent, removals increasing with higher pH. The cadmium
MCL was only met above pH 9.

Interestingly, it was discovered that hardness in the experimental water resulted in very low turbidity
levels at alkaline pH, outside the thermodynamic boundaries of aluminum. As a result of this
phenomenon, it was possible to define, in terms of coagulant dosage and pH, an operating region where
both turbidity and cadmium MCLs were met concurrently.

Lead removals were independent of pH and were generally high. The lead MCL was met for all pH and
coagulant dosages investigated. Therefore, MCLs for both turbidity and lead were met concurrently
whenever the turbidity MCL was satisfied.

Bench-scale tests were conducted to identify the predominant removal mechanism(s) for cadmium and
lead. The evidence suggests that a combination of processes may be responsible for the removals
obtained within the pilot plant.

Using the operational guidelines delineated in this study, direct filtration is capable of supplying an
effluent water that meets turbidity and trace metal MCLs concurrently.
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ABSTRACT

Few studies have investigated trace metal removals with water treatment unit opera-
tions and processes. Nowhere in the literature has the author found a referénce to trace
metal removal with a direct filtration water treatment scheme. To provide this basic infor-
mation, a direct filtration pilot plant was used to collect cadmium and lead removal data.

The major variables investigated were coagulant dosage and pH. In addition, the
effects of coagulant type, polymer, alkalinity and humic materials on cadmium removal
efficiencies were studied.

The direct filtfation pilot plant was modeled to incorporate many of the design
features of operational direct filtration plants. Forty-four pilot plant runs were conducted
to collect samples for the following measurements: pH, turbidity, headloss changes and
metal concentration. Metal samples were analyzed on a custom built atomic absorption

" spectrophotometer developed at Montana State University.

Cadmium and-lead removals obtained with direct filtration were not significantly dif-
ferent from removals reported in the literature for conventional coagulation water treat-
ment. '

Cadmium removal was strongly pH dependent, removals increasing with higher pH.
The cadmium MCL was only met above pH 9.

Interestingly, it was discovered that hardness in the experimental water resulted in
very low turbidity levels at alkaline pH, outside the thermodynamic boundaries of alumi-
num. As a result of this phenomenon, it was possible to define, in terms of coagulant
dosage and pH, an operating region where both turbidity and cadmium MCLs were met
concurrently.

Lead removals were independent of pH and were generally high. The lead MCL was
met for all pH and coagulant dosages investigated. Therefore, MCLs for both turbidity and
lead were met concurrently whenever the turbidity MCL was satisfied. ‘

Bench-scale tests were: conducted to identify the predominant removal mechanism(s)
for cadmium and lead. The evidence suggests that a combination of processes may be
responsible for the removals obtained within the pilot plant.

Using the operational guidelines delineated in this study, direct filtration is capable of
supplying an effluent water that meets turbidity and trace metal MCLs concurrently.




CHAPTER 1
INTRODUCTION

With the advent of sophisticated techniques and methods for the analysis of trace
metals came a better ﬁnde'rstanding of the health dangers'imposed by these substances.
One avenue through which people are exposed to metal contaminants is drinking water.
Concern over this exposure resulted in the Environmental Protec;,tion Agency (EPA)
establishing maximum contamination levels (MCL) for ten trace inorganics. Central to this
study are the metals lead and cadmium with their respective MCLs of 0.05 and 0.01 rﬁg/L.

The sources and health effects of lead and éadmium are well documented in tﬁe litera-
ture [2,6,7,9,11] and will not be repeated here. Let it sut;fice to say that man’s inAdustrial
and manufacturing éctivities significantly concentrate these elements. Durum [1] observed
that the special difficulty with trace metals is their persistence. This persistence allows
metals to be transported for considerable distances oftentimes ending up in surface and
underground waters.

Studies of trace metal removal from drinking water are rare. The studies found
in the literature evaluate trace metal removal by conventional coagulation and lime soften-
ing processes. Nowhere in the literature has the author found a referencle to trace metal
removal with a direct filtration water treatment scheme. This study investigated trace
metal removal with a direct filtration \;vater treatment pilot plant.

Direct filtration has received considerable attention in the past decade. Direct filtra-
tion refers to a treatment scheme wherein filtration is not preceded by sedimentation. For
many waters, this treatment scheme is an economical alternative to more conventional

coagulation treatment.
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More information is needed to better categorize those waters that can best be treatéd
by direct filtration. The Direct Filtration subcommittee of the American Water Works
Association Filtration Committee published a report [22] in 1980 which included research
recommendations. One area of research that was specifically mentioned was the investi-
gation of removal efficiencies for_ heavy metals and other trace inorganics with direct
filtration.

This study was divided into. three parts:

'1. Pilot plant operation and sampling

2. Trace metal analysis

3. Data evaluation

The pilot plant was designed to incorporate many of the design features of operational,
direct filtration plants. Forty-four pilot plant runs were conducted to collect samples for
the following measurements: pH, turbidity, headloss, and metal concent'ration.

The metal samples were analyzed on a Varian AA-5 atomic absorption spectropho-
tometer with a Woodriff Constant Temperature Furnace. The furnace was developed at
Montana State University and has an analytical capability better than many commercially
available spectrophotometers.

Results obtained were evaluated with the understanding that metal removal, where
required, is only one facet of the water treatment picture. For direct filtration to provide
an acceptable effluent water, adequate turbidity removal and metal removal must be
accomplished simultaneously. It is hoped that this study will provide information useful in

meeting this goal.




CHAPTER 2
THE PROBLEM

The extent to which cadmium and lead enter surface and underground( waters is of
importance to this study. It is also important to consider the potential magnitude of the

problem based upon what is kﬁown of natural water chemistry.

Distribution of Lead and Cadmium

Both scattered and intensive surveys [1,11] show that the elements cadmium and
lead are widely distributed in low concentrations in the nation’s waters. A few of .the
survey results are included in Table 1.

Table 1. Intensive Survey Results for Lead and Cadmium in Surface and Ground Waters
[1,11]. ' :

Investi- No. Detection Ave. Conc.* Max Conc.
Date gator Samples Frequency mg/L mg/L ‘Comments
Lead '
1970  Durum 727 63% 0.002 0.890 filtered samples
et al. . mostly river
1962- Kopp & 1577 " 19.3% 0.023 0.14 lakes and rivers
1967  Kroner : ' -
1970  Dutt & 677 - — 0.518 ground waters
. McCreary
Cadium
1970  Durum 727 46% 0.002 0.130 filtered samples
et al. . mostly river
1962- Kopp & 1577 2.5% 0.01 0.12 lakes and rivers
1967  Kroner

*Detectable.
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The maximum concentrations encountered are well in excess of established MCLs. To
assess the potential extent of trace metal contamination, it is necessary to be familiar with
the water quality parameters affecting the distribution of trace metals in natural waters.

The pertinent parameters are listed in Table 2 [3,5].

Table 2. Parameters Affecting the Distribution of Trace Metals in Natural Waters [3,5].

1. pH

2. Concentration and type of trace metal

3. Concentration and type of complexing agents

a. inorganic '

b. organic

Types of suspended materials (adsorbents) and their surface areas
Oxidation-reduction potential

Temperature

A

These parameters will control the total soluble metal concentration as well as the fraction
transported in insoluble form. For a water incorporating only the more generally applica-
ble parameters from Table 2, it is possible to calculate dissolved metal concentrations using
published thermodynamic data. Solubility modeling has been used by many others [3,6,7,

17,30,39] and will be explained in greater detail in Chapter S.

Lead

Hem and Durum [6] have calédated soluble lead concentrations from solubility dia-
grams. Calculations indicate that aijove pH 8.0, the solubility of lead is below 0.01 mg/L
regardless of the total soluble inorganic carbon concentration (C_,‘T).. Near pH 6.5, however,
the solubility of lead could surpass 0.30 mg/L for a water having a low Cr. This concentra-
tion is six times the MCL. It is important to note that other complexed species could
significantly increase the solubility of lead. In addition, particulate lead and lead adsorbed
onto surfaces could greatly increase the gross lead concentration in a water. Based on these

calculations and survey findings, lead appears to be a significant threat to water quality.




Cadmium

Similar calculations fo'r cédmium also demonstrate a potential for contamination [7].
For a low CT, the solubility does not get much below 1.0 mg/L even at pH 10. Another
significant discovery is found in Table 1. The survey conducted by Kopp and Kroner de-
tected cadmium in only 40 out of 1577 samples, however, the average concentration of

these 40 sampleé was very close to the MCL. A clear threat to water quality exists.

Research Considerations

Five major considerations led to the decision to investigate trace metal removal with a
direct filtration pilot plant.

1. The aBove discussion demonsfrates that the pot‘ential for metal contamination
exists. A more regional concern is that some towns in Montana have trouble meeting the
MCLs for lead and cadmium [9].

2. Direct-filtration has become an attractive alternative to more conventional coague
lation treatment due to savings in capital, operation, and maintenance costs [28]. Several
direct filtration plants are operating in Montané and are well suited to the relatively low
turbidity, color-free water in this region.

3. As mentioned in the introduction, no references were found in-the literature that
dealt with trace metal removal with direct filtration. This basic information could prove
useful in deten_‘nining the feasibility of this treatment option for a water containing lead
and/or cadmium.

4. Research at Montana State University [15] showed that for coagulant dosages
suitable for direct filtration, usually less than 20 mg/L, the best turbidity removals occur-
'red within a narrow pH range, pH 6.5 to 7.0. This finding together with theoretical solubil-
ity calculations, created doubt as to the feasibility of meeting the MCLs for both metal and

turbidity concurrently.
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5. The physical differences between a conventional coagulation treatment scheme
and a direct filtration treatment scheme could be significant with regard to metal removal.

The long detention times in the flocculator and sedimentation basin might prove signifi-

cant from a kinetics standpoint.

-




CHAPTER 3

OBJECTIVES

The overall objective of this study is to add to the body of knowledge about direct fil-

tration and thereby better define the capacity for a direct filtration treatment plant to pro-

vide a water meeting all of the drinking water standards. The specific objectives were:

1.

To evaluate the removal efficiencies for lead and cadmium within a direct filtra-
tion pilot plant. |

To establish opérational guidelines that will result in aﬁ effluent water that meets
both the MCL for turbidity and metal concentration.

To identify the predominant removal mechanism(s).

To compare results obtained with data found in the literature for conventional

treatment schemes.




CHAPTER 4

TRACE METAL REMOVAL IN WATER TREATMENT
' —AN OVERVIEW

The mechanisms of trace metal removal in conventional water treatment may be -
either one or a combination of several processes—precipitation, coprecipitation and adsorp-
tion. The purpose of this chapter is to introduce some of the common water treatment

operations and processes and their associated mechanism(s) for metal removal.
Definitions
In this study the following definitions apply [5]:

Precipitation
Precipitation refers to the addition of a chemical in sufficient quantity that it causes

the solubility of the dissolved species in question to be exceeded.

Coprecipitation

Coprecipitatioﬁ refers to the inclusion in a,preéipitate of substances.that are normally
soluble under the conditions of the brecipitatidn. The mechanism of coprecipitation can be
(1) surface adsérption in which the coprecipitating species are adsorbed at th;a surface of
the precipitate, or (2) _occlusion 1n which the coprecipitate is mechanically trapped, or
otherwise incorporated, in the rapidly forming precipitate. Coprecipitafcion is a special case

of adsorption.

Adsorption

Adsorption refers to the accumulation of substances at a surface or interface.




Coagulation
Coagulation involves the aggregation of colloidal particles due to destabilization and
flocculation. Aggregation produces larger particles that can be removed by sedimentation

and/or filtration.

Conventional Coagulation Water Treatment

Rarely have water treatment plants been designed with the remo;/al of specific trace
metals in mind; however, the operations and processes employed.in conventional water
treatment do demonstrate some capacity for trace metal removal [4,5,10,11].

The common water treatment operatiqns and processes which show promise of
providing some removal of trace metals from drinking water are found in Table 3 [4].
Trace metals are transferred from'the liquid (soluble) phase to thé solid (insoluble) phase
by the mechanisms of precipitation, coprecipitation and adsorption. Trace metals transfer-
red to the solid phase, as well as the trace metal fraction already in the insoluble fraction,

are removed by coagulation followed by sedimentation and/or filtration.

Direct Filtration Water Treatment

Some of the same mechanisms of trace metai removal are possible with direct filtra-
tion as with coﬁventional water treatment.

Coagulation followed by filtration should effectively remove trace metals associated
‘with the inspluble fraction. The lower coagulant dosages utilized in direct filtration might
diminish the importance of coprecipitation as'a mechanism for removal.

Precipi'tation as a result of pH control is possible with direct filtration. It is generally
believed that the low solubility limits of the insoluble metal hyc_iroxide and metal carbo-

nate controls cadmium and lead solubility [6,7,10,26,27] .
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Table 3. Metal Removal With Conventional Water Treatment [4].

Treatment
Process

Intended
Purpose

Potential Mechanism(s) for
Trace Metal Removal

1. Coagulation followed by
sedimentation and filtra-
tion
a. aluminum sulfate
b. iron salts
c. coagulant aids.(clays,

“silica, polymers)

2. Precipitation
a. lime (CaO) and
soda (Na,CO;)
b. sodium hydroxide
(NaOH) .

3. Adsorption
a. activated carbon

4. Oxidation
a. chlorine (Cl,)
b. potassiim perman-
ganate (KMnO,)
c. ozone (0;)

Turbidity and color
removal

Hardness removal
and pH control

Taste and odor
removal

Iron and manganese
removal

' Coprecipitation with amorphous,

hydrous aluminum and ferric
oxides. Adsorption on clays or
sediments. Removal of above by
coagulation, sedimentation and
filtration

Precipitation as oxides, carbo-
nates, sulfides, or phosphates.
Possible coprecipitation with
CaCO; and Mg(OH),

Adsorption on activated carbon,
removal of metallo-organic com-
plexes.

Oxidation to more insoluble
forms that precipitate out. Oxi-
dation of complexing organics
that interfere with other
coagulation afid precipitation
reactions.

For a water requiring softening, direct filtration will not be the preferred treatment

option due to the large sludge volume generated. However, the solubility of CaCO, (s) is

sufficiently low that some hardness removal is possible, and, coprecipitation of trace metai

may occur [24].

AdsorptionAonto activated carbon is also quite possible with direct filtration since

granular activated carbon can be used in the filters.

If oxidation for iron and manganese removal is required, direct filtration may be used.

Oxidation, followed directly by filtration, has been used successfully to treat these waters.

In summary, the removal mechanisms of precipitation, coprecipitation and adsorption

are possible within a direct filtration scheme and some level of trace metal removal is

anticipated.
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CHAPTER 5
PREVIOUS RELATED STUDIES

The previous works related to this study deal with the chemistry of aqueous metals,
specifically, the processes mentioned in Chapter 4 which transfer the trace metal from the
liquid phase to various solid phases. Data from the literature will be presented in accord-
ance with these potential solubility controlling processes—precipitation, ‘coprecipit_ation

and adsorption.

Trace Metal Distribution

' The distribution of the trace metal in a given water is essential for any subsequent dis-
cussion of metal removal. The removal processes are directly affected by the chemical form

of the metal in solution. Singer [5] lists the more common forms of trace metals in Table 4.

Table 4. Distribution of Trace Metals in Naturai Waters [5].

A. Soluble
1. Free metal ion
2. Simple hydroxo complexes
3. Other soluble complexes
a. Organo complexes
b. Inorganic complexes

B. Insolublé
1. Hydrous metal oxides )
2. Adsorbed metals on suspended particles
3. Macromolecular organometal complexes
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The many constituents of a water are in competition for the available metals and
several models are used to handle the simultaneous equilibria that this implies. The miore
sophisticated models are computer programs such as REDEQL 2 [3] , ADSORP [30], and
MINEQL [50] which can calculate the relative contribution to metal solubility for several
species and can fake into accbunt adsorption phenomenon as well. These and other models
referenced in this study are equilibrium models using th.ermodynamic data to predict
solubilities.

The use of an equilibriﬁm approach in describing the distribution of trace metal
necessitates tflat precautions be taken in interpreting model results. Weber and Posselt [58]
discuss model validity in some detail. They emphasize that the most important limiting
factor in many applications of thermodynamic solubility relationships is the slow attain-
ment of equilibrium. Others have observed this as well [17,29,40,46]. Slow reaction
kinetics can be eséecially problematic when applying model results to water treatment

processes with their relatively short detention times [11,17].

Parameters Controlling Metal Solubility

The chemical composition of surface waters vary widely with location. Quite com-
monly anionic species such as hydroxide (OH"), sulfate (SO2-), ‘carbonate (CO%-), bicar-
bonate (HCO;™) and chloride (Cl‘)‘are present in sufficient concentration to form com-
plexes with metal ions.

For certain waters, organic ligands are significant and included in the equilibrium
model. Humic acids (HA) and fulvic acids (FA) are widely distributed in soﬂs and sedi-
ments and form 'compiexes with .trace metals upon entering surface waterls [4'1\,42,43].
| Numerous solids can be suspended in a water and can provide ample surface area for

adsorption to occur. These suspended surfaces can include metal oxides, clays/silts and
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particulate organic materials. Solids that become part‘o'f the bottom sediments cont'im-le tc;
pilay an important role in controlling the distribution of trace metals via adsorption/desorp-
tion reactions [19,26,39]. |
To discuss all the potential interactions is not possible. The remainder of this section

will deal with interactions considered important to this study.

Inorganic Ligands. Table 5 lists stability constants for metal-inorganic ligand com-

plexes for cadmium and lead. Stability constants are adjusted for the experimental condi-
tions of ionic strength (I) = 0.003M and temperatﬁre .(T) = 20°C using the Guntelberg
Equation and the van’t Hoff-Arrenhius Equation, respectively. These equations are com-

monly used and explained elsewhere [26].

Table 5. Inorganic Complex Formation Equilibria for Cadmium and Lead.

Complex Reaction Stabﬂity'Constant, K* Reference
Cd** + OH- = CdOH* 10%-81 ' [39]
Cd?* + 20H- = Cd(OH)J - 107-72 ' [39]
Cd?* + 30H- = Cd(OH); 108-94 ' [27]
Cd** + 802" = CdSOY 102-40 [39]
Cd?* + CO%" = CdCO? 10397 [29]
Cd** + HCO; = CdHCO* 102-3 [39]
Pb®* + OH- = PbOH* 105-°8 [30]
Pb** + 20H = Pb(OH)? 10t0-32 , [30]
Pb** + 30H- = Pb(OH); 1013-39 [30]

) Pb** + 40H- = Pb(OH)Z" 1016-27 . [30]
Pb?* + COZ~ = PbCO? 105-0°0 [26]
Pb?** + SO2~ = PbSO? 10270 [26]
Pb** + HCO; = PbHCO? 102-80 ‘ [30]

*For T =20°C, I=0.003M.

Organic Ligands. The Bozeman tap water used in this study was an unpolluted sur-

face water with a measured total organic carbon (TOC) content ranging from 1 to 5 mg/L
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[44]. The lower limit corresponding to periods of low runoff (turbidity < I NTU). Report-
edly, the organo-metallic complexes increase metal solubility, interfere with adsorption,
prevent agglomeration, and interfere with removal by filtration [4]. Fristoe and Nelson
[46] determined conditional constants for cadmium-organic ligand complexes. In princi-
ple, the difference in the amount of metal adsorbed onto a cationic resin in the presence
and absence of an organic ligand is used to calculate the stability constant for the complex.
The conditional stability constants are calculated from Equation (1) and are presented in

Table 6.
[M ]
By = m ' (1
where,

B; = conditional stability constant, L/mg

concentration of metal-organic ligand complex, moles/L

M, ]

[MT_ L] = concentration of total soluble metal minus [ML 1, moles/L

{L}

organic ligand concentration, mg/L TOC.

Table 6. Conditional Stability Constants for Cadmium-Organic Ligand Complexes [46].
pH 5.0 6.0 6.5 7.0 8.0 9.0
8y, L/mg (20°C) 0.05 0.18 - 0.19 0.21° 0.05 0.0

Humic Materials. Naturally occurring polyelectrolytes referred to by such names as

humic and fulvic acids are widely distributed in soils and sediments whére theyll form
water-soluble and water-insoluble complexes with metal ions [41]. A few studies have
characterized these natural complexing ligands and conditional bomplexation stability
constants with various metals have been evaluated. Table 7 lists some conditional stability

constants for humic-metal complexes.
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Table 7. Conditional Stability Constants for Humic-Metal Complexes for pH 7.5.

Metal log 8§, log 8§, - Reference
Pb (ID) - 6.0 13.2 [41]
Pb (ID) 4.7%%* - [30]
Cd 1) 6.0 11.2 [41]
Cd (ID) 6.3 11.7 ' [43].

**From empirical equation log 8}, = 0.625 X pH.

- where,
B11 [MHA]
J = d
ﬁll {ng [M2+] [HXHA] | (2)
pr = Bar _ [M,HA] 3)

(Hy  [M**1*[H HA]

and, [MHA] and [M, HA] represent'metal-hur'nic complexes.
Due to the color causing properties of humic materials, some researchers have devel-

oped empirical equations relating the extent of complexation by humic materials to the

light absorbing properties of the water. Gardiner [29] developed the following equation

for cadmium:

- [Cd complex] -

log ———— = 0.64 log Agoo + 0.20pH - 1.14 “4) .

[Cd?*]

where, A 44, is the absorbance of the filtered solution at a wavelength of-400 nm.

Suspended .Solids. Many researchers have treated adsorpt1on surfaces analogous to

soluble ligands. Cond1t10na1 adsorption constants (Ka as) have been calculated for various
" homogeneous and mixed suspensions [3,39,46]. The following equation can be; used:

_Ms
ads MT ST

(L/g) (5)

where, MS = total concentration of metal-solid complexes (mol/L); MT = total soluble con-

centration of metal, free and complexed (mol/L); and St = total concentration of solid
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phase (g/L). The conditional adsorption constant, K, ds® 18 specific for a particular set of
chemical and physical characteristics that compose the solid-solution system. In other
words, Equation (5) treats implicitly all comblex formation equilibria that control constit-
uent species concentrations of MS and MT' | |
The experimental data needed to calculate, K, 4 and the procedures used are
included in References [39] and [46].

Adsorption equilibria data will be presented in a later section.

Generalized Metal Speciation and Distribution Model

Equation (6) has been used to determine the fraction of total metal incorporated in a
specific metal-ligand or metal-surface complex [46].
. 8G), [LG)I™ -
o), = ' . 6)
1+ZZBGHILAOI +2 K, g, S, [ 17
i m

where, a(j), = species fraction of metal-ligand complex ML(i)n, or metal surface complex,
ML(j)nS (dimensionless); j = ligand-type identifier; i = ligand number; n = stoichiometry of
metal-ligand complex; 8(j) = sfabilify constant for metal ligand complex of type j: [L()] =
concentration of complexing ligand of type j (mol/L); Sm = concentration of adsorbing
solid of type m (g/L); and a, = [M]/[MT] = free metal ion fraction of soluBle species.

Using Equation (6), or a modification thereof, it is possible to plot soluble species
concentration versus pH. This is done in Figures 1 and 2 for the experimental water used
in this study. The procedures and éssumptions required in making thesé diagrams will be

discussed in Chapter 7, Speciation and Distribution Model.

Precipitation

Both cadmium and lead combine with various anions in solution to form insoluble

compounds. These reactions transferring metal from the liquid phase to the solid phase and
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Figure 1. Speciation model for cadmium.
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Figure 2. Spcciation model for lead.
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back to the liquid phase (dissolution) often regulate the concentrations of dissolved metal
species. Table 8 lists the more common mineral sources for cadmium and lead alon'g
with their solubility products (Ksp). Hem’s [6,7] calculations indicate that the insoluble
compounds of sulfur will not control solubility for pH, total sulfur concentration and
redox potential commonly _found in oxic waters. In addition, the stability field of the basic
carbonate, Pb; (CO;), (OH), (s)> Occurs over so short a pH range that its contribution can ’

also be omitted without introducing a significant error [6].

Metal-H, O System

The simplest model used to interpret observed concentrations of trace metal in
naturally occurring waters incorporates the metal and the components of pure water—

hydrogen ions and hydroxide ions.

Table 8. Mineral Sources of Cadmium and Lead.

Mineral Source Solubility Product Ksp* Reference
CdCO, (s) Ksp = [Cd**][CO%] ; 1071077 [10-11 66 [19],[7,
26]
Cd(OH), (s) KSp = [Cd**][OH"]? ; 10713-36 [ 10714.05 117].[7]
CdS (s) KSp = [Cd?**][S?] . ; 10727-0 , [24]
PbCO3 (s) Ksp =‘ [Pb“] [Cog—] ; 10-13.54 , 10-13.96 [17],[6]
Pb(OH), (s) Ksp = [Pb**][OH"]? ; 1071485 1071°-29 [17],[6]
PbS (s) KSp = [Pb3*]1[S?"] ; 107278 - [24]
PbSO, (s) KSp = [Pb2*][S0O2"] ; 1077-8 [26]
Pbs (CO;), (OH), (s) Kgp = [PD¥I?[COZ"12[OH"]? ; 107385 [17]

*Hydroxides and carbonates adjusted to T = 20°C and I = 0.003M.

Both lead and cadmium salts show varying degrees of acidity when dissolved in water.
This observation is explained by the reaction of the metal ion with the solvent water,
referred to as hydrolysis. Hydrolysis reactions can be described by either dissociation or

complexation reactions and oftentimes occurs in a stepwise manner [26,271. The general
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hydrolysis reactions given below are for a divalent metal and represeht the exchange of

OH~ for an H, O molecule from the inner coordinate sphere.

M?*  + OH- = MOH* ; K, @)
MOH* + OH- = M(OH)S ; K, - - ' (8)
M(OH)? + OH~ = M(OH); ; K, - )
M(OH); + OH- = M(OH)?" ; K, (10)

K, through K, are the stepwise formation constants.
A mass balance for the soluble metal species in the metal-H,O system is written:

'MTS = [M*'] + [MOH*] + [M(OH)?1 + [M(OH);] + [M(OH)?"] (11)

where, My equals fhe total soluble metal concentration: Substituting the formation con-
S
stants in Equations (7) through (10) into Equation (11) results in the following equation:

My = [M**](1 +8,[OH"] +8,[OH"]% + 85 [OH"]* +,[OH"]*) (12)

TS
where, 8; =K ;8; =K;-K;;8; =K;-K; K;;8:, =K, K, - KK,

In the divalent metal-H, O system the maximum solubility is controlled by the insolu-
ble hydroxide species with the stoichiometry M(OH), (s)" The corresponding solubility

product is found in Table 8. The free-metal concentration can be calculated from Equation

(13) below.

K .
[M?*] = —0 (13)

[OH™]?
Substituting this value into Equation (12) gives the following expression for solubility, S:

Ksp

[OH]? (1+p,[OH"] +8,[OH"]? +§,[OH"]® +4,[OH7]*) (14)

Solving Equation (14) for various pH results in theoretical hydroxide solubility curves as
shown in Figures 3 and 4; The hydrogen ion and hydroxide ion concentrations are related
as follows for T = 20°C, I = 0.003M:

[H*][OH"] = K, =~ 107'*-12 1s)
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In equation form, pH and hydrogen ion concentration are related by the following expres-
sion:
pH = ~log [H*] _ : (16)
It is convenient to plot these hydroxide solubility curves using eqﬁations relating the
metal hydroxide sohd species in equ1l1br1um with the various soluble species. These equa-

tions are presented below and can be derived using Equations (7) through ( 10), (13) and

(15).

M(OH), , = M? + 20H- K, (17)
M(OH), (; = MOH*+ OH™ ; K, (18)
M(OH), (,, = M(OH) ; K, | (19)
M(OH), () + OH" = M(OH); ; K, (20)
M(OH), () + 20H" = M(OH)?" ; K, (21)

Table 9 lists the hydroxide solubility constants from the various references used in
this study. The theoretical hydroxide solubility curves plotted in Figures 3 and 4 give some

indication of the variance in thermodynamic data found in the literature.

Metal-H,O-Carbonate System

Most waters contam appreciable quantities of dissolved carbon species resultmg from
heterogeneous equilibria with atmospheric carbon dioxide and carbon containing minerals.
It is generally believed that together with the insoluble metal hydroxide, insoluble metal
carbonate, MCO, (s)? oftenthees regulates the metal concentration found in natural waters
[6,7,11,26]. Modeling a metal-H, O-carbonate system is complicated by the diprotic nature
of carbonic acid as well as equﬁibria between the two solid phases and the several soluble

species.
Modeling water treatment processes with a closed carbonate system, constant CT, is
usually justified [17]. The pertinent equilibria for carbonic acid in aqueous solution are

given below for T =20°C and I = 0.003M.
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Table 9. Hydroxide Solubility Constants.

Reference KSp K Ko, K K., Source/Comments
Cadmium
1. [17] -13.7 -9.5 -5.3 -4.6 ~4.9 Bard, Feitknecht, Schind-
. ler/fresh ppt.

2. [17] -14.4 -10.2 -6.0 -5.3 -5.6 aged ppt

3. [7] -14.39 -9.78 ~5.47 -4.79 —  many sources given

4.%  [26] -14.2 -9.59 -5.28 -4.60 —  Sillen & Martell 1964 &

: 1971 pubs.

5. [25] -13.6 -9.44" -5.20 (-4.5) (-4.8) parenthesis—approximate

6. [29] — ~-9.06+ .08 - — —  calculated

7. [24] -13.65 -9.75 -6.05 -4.95 —  many sources given

8. [27] ~-13.79 -9.20 -4.36 -4.21 -

Lead

9.% [17] -14.9 -9.1 -4.1 ~1.0 —  several sources/fresh ppt.
10. [17] -15.3 -9.5 -45 -14 —  several sources/aged ppt.
11.¥  [6] -19.84 -13.96 -9.0 -5.92 —  Wagman & Faucherre’
12. [26] -19.9 -13.70 ~9.05 -5.32 —  Sillen & Martell 1964 &

1971 pubs.

13. [30] -19.9 -13.70 -90 -6.0 -3.6 Smith & Martell
14. [25] -14.3 - — - -
15. [10] — - _ - — —  jar test results only
16. [27] -14.93 -9.08 - -4.13 -1.01 - many sources

*Data plotted in Figures 1 and 2.

[H,CO;*] = [HCO3;]1 + [H*] ; K , = 107633 ‘ (22)

al
[HCO3] = [COZ] + [H'] ; K,, = 10-0-28 (23)
'where, [H,CO; *] is the sum of aqueous CO; énd free carbonic acid, H2C03. The distri-
bution of soluble carbonate species for a closed system is shown in Figure S for Cp =
1072-77 M. The mass balance for total dissolved carbon can be written:
Ct = [H,CO;*] + [HCO3] + [Cog-] (24)
Neglecting hydrolysis species equilibria, the solubility of a divalent metal in a closed
carbonate system can be calculated.by direct solution of the foliowing equation:

[M*] = K, '/[COZ] er
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where, Ksp' represents the solubility product for the metal carbonate. Utilizing Equations
(15), (22), (23) and (24), the carbonate concentration, [COZ27], can be determined from

the following equation:
CT
[CO% 1 = : (26)
I<W : KW

+
[OH'1?K,,"K,,  K,,[OH]

+ 1

A better prédiction of the metal solubility for this system requires consideration of
metal hydrolysis species and the 'equilibria between these soluble species and the solid
metal carbonate. To model these equilibria without unnecessary complication, it .is
assumed that in the pH ranges separated by points corresponding to the dissociation con-
stants for carbonic acid, K, and Ka2, only one carbon species predominates. Therefore,
for

pH < pK,;,C; = [H,CO; *]

pK,; < pH < pK ,, C; =~ [HCO3]

bH > pK,,,Cp = [CO}] .

The equilibrium expressions for the metal hydrolysis species and the insoluble carbonate
are listed by Patterson [17]. Plotting a solubility curve from these equations and super-
imposing the hydroxide solubility éurve for the particular metal, allows one to predict
which system controls solubﬂity; at what pH solubility control transfers from the carbo-
nate to the hydroxide system; and what the predicted soluble metal concentration is.
Figures 6 and 7 were constructed in this manner for Ct =1072"77 M. The thermodynamic

data used in these diagrams is found in Tables 8 and 9 and from Equations (15), (22) and

(23).
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Some Experimental Data from the Literature

A few studies [10,11,17] have conducted laboratory experiments to investigate metal
solubility under conditions representative of water treatment unit operations and processes.
The results of the studies found ‘are helpful in identifying the important parameters con-

trolling metal solubility.

Lead Hydroxide Precipitation. Figure 4 depicts two sets of solubility data from Table

9 encompassing the range of reported solubilities. All the experimental data cited falls
between these theoretical “limits.”

Patterson [17] conducted four-hour jar tes:ts to evaluate lead hydroxide solubility.
The jars were left open to the atmosphere to simulate actual treatment facility conditions..
The data obtained falls below the theoretical solubility curve for a freshly precipitated
lead hydroxide. A low residual Cy of 107°+¢ M was thought to cause the discrepancy.
Naylor and Dague [10] conducted jar tests of shorter duration which fell below Patterson’s
jar test results. Between pH 9.2 and 10.4, the 0.05 mg/L lead MCL was met.

Lime and excess lime-softening jar tests and pilot plant runé were also used to evalu-
ate lead hydroxide solubility. Naylor and Dague demonstrated that the solubﬂity’was the
same irregardless of whether the pH was controlled with sodium hydroxide or lime addi-
tion. Above pH 10.4 the solubility of lead increased due to the following reaction:

Pb(OH), ) t H,O0 = Pb(OH); + H* _ 27)

When ‘a settled sludge of mixed chemical make-up was used to simulate a solids-contact
softening process, ﬁearly complete lead removal was obtained in the 9.5 to 10 pH range
[10]. Sorg [11] used a natural water containing alkalinity, hardness and suspended solids
to study lead removed with lime softening. Better than 99 per cent removal of 0.15 mg/L

lead was observed in the 8.8 to 11 pH range. Sorg did not observe an increase in solubility
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beyond pH 10.4 as did Naylor. This was attribu'ted lto coprecipitation with the magnesium
hydroxide formed (Mg(II) = 1.73 meq/L).

Because of the range of theoretical solubility data and differences in test results cited,
Figure 4 has little predictive value. Patterson’s data predicts no precipitation as the hydrox-
ide at the 107%:% M (0.15 mg/L) initial lead concentration used in this study. By con-
trast, Naylor’s data predicts significant lead removal between pH 9.2 and pH 10.4. The
lime-éoftening data appears to support lead hydroxide insolubility (Figure 4, Reference
[6] curve), however, the data when compared to solubility data for'cont"rolled jar tests
strongly implicates other removal mechanisms. Conclusive statements as tq the removal

!

mechanism(s) cannot be made.

Cadmium Hydroxide Précipitation. The theoretical and experimental data for cad-

mium hydroxide are in good agreement as shown in Figure 3. These curves predict that
cadmium hydroxide precipitation will not control cadmium solubility at the 107635 M
(0.05 mg/L) initial cadmium concentration used in this study.

Sorg [11] also conducted lime and excess lime softening jar tests and pilot plant runs
for cadmium removal using a natural water. Essentially 100 per cent removals of cadmium
in the 8.5 to 11.3 pH ranée were observed. These results are considerably better than can
be predicted from Figure 3, and other mechanisms of removal are believed to contribute to

the high removals.

Lead Carbonate Precipitation. Using thermodynamic data from References [6] and

[17], two very different phase diagrams for lead are depicted in Figure 7.

Patterson [17] conducted jar tests with different Cr concentrations to evaluate the
effect of carbonate on lead. solubility. The four-hour jar tests indicate higher solubilities
than either theoretical curve predicts. Patterson’s data for Cr = 1072-77 M is plotted in

Figure 7. The discrepancy between theoretical and experimental data was.attributed to the
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slow lead carbonate kinetics in dilute solution. Naylor and Dague [10] performed jar tests
with varying Cr at constant pH. They reported a lower solubility than observed by Patter-
son at pH 7.6. Increasing the Cr above 107* 7 M had little effect on lead solubility.

Patterson’s data predicts that the 107! M initial lead concentration will not be
regulated by eitheér the lead carbonate nor the lead hydroxide precipitate. Naylor’s single
data point suggests the strong possibility that the carbonate will regulate the lead solubil-
ity. The solubility achieved with Cr= 10727 M at pH 7.6 is not achieved in the carbonate

free system until pH 8.8 (see Naylor’s data Figure 4).

Cadmium Carbonate Precipitation. Figure 6 shows theoretical phase diagrams for the
cadmium-H, O-carbonate system for a Cy=107277 M. | |

Again, Patterson’s jar tests indicate cadmium solubilities much higﬁer than theoreti-
cally predicted. The discrepancy is again attributed to the slow kinetics of the metal
carbonate. Based on Patterson’s jar test results, the 10735 M initial cadmium concentra-
tion used in this study will not be regulated by the cadmium carbonate nor by the cad-.

mium hydroxide precipitate.

Adsorption/Coprecipitation

Adsorption and coprecipitation reactions of possible significance to trace metal
removal with direct filtration include: adsorption onto the suspended solids, coprecipi-

tation with the coagulant floc and adsorption onto the filter media(s).

Adsorption Behavior of Hydrolyzable Metal Ions

James and Leckie [59] summarize the general interfacial behavior of hydrolyzable
metal ions as follows:
1. There is a critical pH range cver which almost 100 per cent adsorption occurs.

This pH range is often less than one pH unit wide and is usually only slightly affected by
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the type of adsorbent. Critical pH ranges for coprecipitation of selected trace metals on
AI(III) and Fe(III) gels are presentéd in Figure 8 [53]. Benjamin et al. [18] discuss the
effects of adsorbent concentration, adsorbate concentration, complexing ligands and com-
peting adsorbates c.)n these adsorption-pH curves.

2. It has Béen observed that the surface charge of the adsorbate will usually reverse
sign when the metal ion hydrolyzes and metal hydroxides are precipitated. Figure 9 depicts
the adsorption of lead on quartz. The first sign change corresponds to the original adsorb-

.ent becoming coated with hydroxides of the adsorbing metal ion. The ‘charge reversal at
higher pH often c.orresponds to the isoelectric point of the pure oxide of the adsorbing
metal ion.

The charge reversals mentioned above are also apparent on the alum-coagulation dia-
gram of Figure 10. The adsorptidn—destabilization region, particularly well suited .for
turbidity removal with direct filtration [15] ié analogous to the sign reversal corresponding
to the amorphous aluminum hydroxide precipitate. A schematic of this process for the
negatively charged quartz suspension (Min-U-Sil) used in this study is presented in Figure
11. The negative surface charge for quartz above pH 2.0 is balanced by the charge on the
Al(OH), (s) resulting in the dashed zeta-potential-pH curve.

3. Generally, rapid coagulation and settling of the suspended adsorbent occurs when

the zeta potential decreases to a low magnitude.

Coprecipitation

"The ability of hydrous metal oxides to interact with heavy metals has been known for
many years. One method used to concentrate heavy metals from aquatic systems prior to
analysis involved coprecipitation with Fe(III) and Al(III) salts [47]. These salts, commonly
used in water treatment, are relatively effective in removing some trace metals from drink-

ing waters [4,5,11].
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Figure 9. Zeta potential-pH relationship for quartz in the presence of Pb(Il) [27].
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Trace metal removal has also been attributed to coprecipitation with calcium carbo-
nate and/or magnesium hydroxide floc in lime-softening processes [ 5,10,11,12]. However,
no results of controlled experiments were found in the literature to evaluate this possible
removal mechanism. Gardiner [55] did report large losses of Cd(II) from sample blanks

upon precipitation of small amounts of calcium carbonate.

Hydrous Metal Oxides. Singer [5] reported that amorphous aluminum hydroxide

and ferric hydroxide exhibit chemisorptive properties for free and complexed metals and
as such, function as coprecipitants of trace metals. Others have noted that the metal oxides
exhibit ion exchange properties that arise from the existence of pH dependent surface
charge.

Interpretation of adsorption phenomena at the oxide surface fall into two general
categories: (1) Many studies have examined the importance of ionization of the oxide/water
interface in describing adsorption phenomena. The resultiﬁg models have successfully
described the adsorption of dilute ions from solution [18,30,50]. (2) Other studies have
concentrated upon the electrical double layer (EDL) and emphasize the importance of the
EDL and physical interactions in controlling the distribution of solutes. EDL models have
oftentimes been used to describe the adsorption of majér electrolyte ions onto oxide sur-
faces. More recent models [50,52] develop an integrated approach that considers both

chemical and physical interactions simultaneously.

Ion Exchange Models. The ion exchange model is useful conceptually for interpreting

the removal of metal i;)ns by oxide surfaces. It is widely accepted that oxide surfaces can
act as weak acids and bases in solution, undergoing protonation and deprotonation in
response tb changes in solution pH [18,27,45,51]. According fo the jion exchange model,
adsorption on the hydrous oxide surface groups (= S - OH) replace protons. A generalized

equation for ion exchange is written:
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exch

m(S-OH) + M™ 27 §-0 M®B-m)* 4 my+ (28)

where, S can be Al, Si, Fe, etc.; n and m are constants.

Measurements of changes in pH and pM allow calculation of stability coﬁstants for this
reaction for several metals. However, as Leckie and James [59] point out, ion exchange
theory cannot explain certain adsorption phenomena discussed earlier such as surface
charge reversal. .

The resultiﬁg hydrous oxide surface groups can enter into “complexation” reactions .
with other ions in solution as well. The surface complex formation model treats these sur-
face groups as complex forming species [54]. Possible surface reactions are depicted in
Figure 12 [45]. The following types of reactions are depicted:

a) Acid-base reactions of surface hydroxyl groups

b) Deprontonated surface hydroxyls coordinate with dissolved metal ions

c) Surface hydroxyls are replaced by dissolved ligands

d) and e) are ternary reactions

EDL Models. Many current studies have established that the adsorption of metal ions
in the EDL is directly related t6 the hydrolytic behavior of the particular ion [27,30,50,
53] . These observations have resulted in various adsorption-hydrolysis models and specific"
adsorption models.

A graph depicting the correlations between surface stability constants and the hydrol-
ysis constaﬂts of metals for various surfaces, including Fe,O; -H,0 (am‘) and SiO,, is pre-
sented in Referencé [30]. Kinniburgh [53] performed coprecipitation tests with Fe(III)
and AI(III) gels and found that significant adsorption occurred even when the extent of
cation hydrolysis was much less than 1 per cent, and invariably occurred at pH values

lower than required for hydroxide precipitation. Figure 8 shows the adsorption-pH
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Figure 12. Complexation reactions at oxide-water interface [45].
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sequences for the two gels. Shifts in the adsorption edges are significant for the two copre-
cipitants. Differences in sequencing and other discrepancies indicate that adsorption-
hydrolysis models can only prévide a qualitative déscription of adsorption behavior [27]. |
A general model of adsorptior; equally applicable to hydrous oxide and nonhydroxy-
lated surfaces was developed by James and Healy [33,34]. The model utilizes EDL theory
and considers coulombic, solvation and specific chemical energy interactions as the ion

approaches the solid/liquid interface.

Removal Mechanism. As stated in Chapter 4, coprecipitation can be an adsorption

process or an occlusion phenomenon. Bruninx [51] noted that it was not likely that
occlusion played an important role in coprecipitation with ferric hydroxide, The strong pH
dependency of metal accumulation at the ferric hydroxide surface excluded such a mecha-
nism almost entirely. Additionally, tests performed by Benjamin and others [18,51] show
the same concentration ratios when the metal is added after the ferric hydroxide precipi- -
tate (adsorption) as occurs when added before (coprecipitation). This is depicted in Figure
13. Adsorption appears to be the principal removal mechanism for coprecipitation reac-

tions.

Kinetics of Coprecipitation Reactions. Simple solution equilibria and the simple

chemical kinetic approach is\essentially nonapplicable to hydrous oxide systems for several
reasons [47,48]. Surface impurities, nonstoichiometric reactions, nonreversible reactions
and precipitate aging are mentioned in the literature. The effect of aging is particularly
complicated since not only is there a change in the totql number of adsorption sites with
time, But there is also a change in the type of adsorption site [53]. Regardless, kinetic
studies and observations have been made. An earlier study of adsorption of metal ions on
hydrous manganese dioxide found that the rates of adsorption for all metals studied were

rapid, with equilibrium being attained within a matter of several minutes [47]. Benjamin
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Figure 13. Adsorption/coprecipitation of Cd(Il) on Fe(lll) gel. CdT = 10 6 3 M; FeT
I0r: M;1 =0.1 M;T = 25°C [18].
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et al. [18] found near instantaneous adsorption of several métals iﬁcluding Pb(II) and
Cd(I) onto Fe,0,-H,0 (am)- Bruninx [51] studied the distribution of three metals
including Cd(II) between the solution and coprecipitant as a function of time. Only slight
changes in this distribution wefe noted up to 100 hours with the first measurements made
at approximately 3 minutes. Benjamin and Leckie [48] conducted kinetic experiments
ﬁsing Fe,0;-H,0 (am)'. They also emphasize the fact that Fe,0; -H, O (am) is not a true
stable phase, and true equilibrium cannot be attained in short term experiments. However,
their experiments show rapid initial adsorption for Cd(II). A quasi-equilibrium is attained
after -1 hour followed by a much slower second step. Of significance. to direct filtration
treatment schemes is that a large percentage of Cd(II) was adsorbed within the fi;st few
minutes. These studies-indicate that adsorption onto hydrogs metal surfaces will probably

be rapid.

Some Experimental Results From the Literature—Cadmium -

Sorg [11] conducted both jar tests and pilot plant studies to determine the effects df
.coagulant type and coagulant dosage on cadmium removal. Some of the data is difficult
to analyze as test conditions were not always identical and turbidity removal data was not
available. Sorg found that for both a low alkalinjtgl river water (1.2 meq/L) and a high
alkalinity ground water (4 meq/L) ferric sulfate resulted in better cadmium removal than
alum at the same pH. The high coagulant dosages used, 25 to 30 mg/L for both alum and
ferric sulfate, should have resulted in nearly complete turbidity removals, therefore, the
differences in removal at a given pH can be attributed to different coprecipitation proper-
ties for the two flocs. Other investigators have observed this also [5,53]. Sorg also found
that cadmium removal was s-ignificantly greater with increasing alum dosage in the range 10
to 50 mg/L at pH 8.3. For the low alkalinity river water, cadmium removal increased from

around 10 per cent for an alum dosage of 10 mg/L to 60 per cent with an alum dosage of
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50 mg/L. Sorg’s jar tests also revealed that for river water with turbidities below 20 NTU,
alum coagulation resulted in decreasing cadmium removal above pH 8.0 to 8.5. This was
attributed to the poor quality of the alum floc above pH 8.0. This pH correspohds roughly
to the right thermodynamic boundary for Al(OH)a' (s) precipitate (see Figure 10). To the
right of this boundary, the soluble Al(OH); species will predominate with a subsequent
decrease in floc formation. Without turbid’ity removal data, which may or may not be
poorer outside the thermodynamic boundary, the mechanism of removal cannot be identi-

fied unambiguously.

Some Experimental Results From the Literature—Lead

Sorg’s [11] jar test and pilot plant data show alum and ferric sulfate coagulation to
be very effective for lead removal. Near 100 per cent removal was achieved in thelpH range
6 to 10 for both coagulants. The only exception was alum coagulation of low-turbidity
well water which showed a pH dependency with lead removal increasing with increasing
pH. Removals increased from 78 per cent at pH 6.6 to 96 per cent at pH 9.6. Additional
Jjar tests with varying water turbidities indicated that lead v;/as easily adsorbed by the tur-
bidity. The relative contributions of turbidity and coagulant to the removal of lead were
not thoroughly investigated.

Naylor and Dague [10] found that varying the alum do;sage resulted in increased lead
removal with increased dosage, however, the increases were not appreciable. At pH = 7.0,
lead solubility was reduced from 1.7 mg/L with about 10 mg/L alum to 0.75 mg/L lead at
200 mg/L alum. In the turbidity free synthetic water utiiized, I‘ead removal showed the pH
dependency also observed by Sor'g [11]. Removals ranged from 85 per cent at pH 6.4 to
97.5 per cent at pH 8.2 for a water containing 4 meq/L alkalinity with an alum dosage of
50 mg/L. The removals obtained were similar to those obtained as a result of carbonate

alkalinity without any coagulant present, and were unlike the removals obtained with alum
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in a carbonate free water. From this data, Naylor concluded that alum would' not signifi-
cantly improve lead removals since lead was already (juite insoluble in the pH range investi-
gated. Nilsson [31] observed that the more soluble met-als are more affected by coprecipi-
tation with aluminum hydroxide than are the more insoluble metals; thé latter being

readily removed by filtration and sedimentation unit operations.

Adsorption Onto Suspended Solids

Various studies have quantified adsorption reactions onto suspended solids. However,
the quartz suspension used in this study has not received much attention. Since quartz is
an oxide much of the previous discussion on hydrous metal oxides appiies.

Using published thermodynamic data, Vuceta and Morgan [3] modeled complex
aquatic systems with SiO, (s) (not spgcified as.quartz) as the pri‘ncipai .adsorbent. In inor-
ganic systems, no. more than 8 per cent adsorption of lead and 1 per cent adsorption 6f
" cadmium was predicted. |
Gardiner [55] used the Freundlich isotherm to quantify cadmium adsofption ohto

various surfaces.

C, = KCl/m " (29)
where,
C = tAhe concentration of adsorbed species on the solid,- mg/kg
K = aconstant, L/g
Cq = the concentration of the solute remaining in solution after adsorption has
occufred, u g/ L |
n = a number fneasured empirically.

Equation (29) Was simplified by assuming n = 1, resulting in the following equation:n
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K= — ' (30)

where, K now becomes a concentration factor.
Gardiner’s adsorption experiments on river muds indicated very fast reactions with adsorp-
tion. nearly completed after 2 minutes. An increase in the proportion adsorbed with increas-
ing suspended-solids concentration was observed. Vuceta and. Morgan [3] alsp observed
this (see Figure 14). Also, the proportion of the total cadmium adsorbed decreasea steadily
with increasing cadmium concentration. Competition between the adsorbing solid and the
aqueous ligands was demonstrated by a decrease in K with increasing EDTA concentration.
To determine which component of river mud was most responsible for the adsorption
observed, concentration factors were determined for silica (precipitated), clay and humic
materials. The concentration factor for humic material was close to those obtained for the
muds and it is therefore probable that ﬁumic constituents of m_ud are principally responsi-
ble for its adsorptive properties. For the silica a K = 430 (+40) was measured compared to
K = 14,000 (+2000) for humic material. The experimental water used by Gardiner con-
tained approximately twice the alkalinity and comparable pH to Bozeman tap water.
Assuming the same K for quartz Equation (30) predicts apﬁroximately 6 per cent adsorp-
tion of cadmium ([Cd]l, = 0.05 mg/L) onto silica at pH 7.5. It is reported that freshly
precipitated oxides have a greater surface activity [5], therefore, the actual adsorption
onto quartz may be less.

Wiley and Nelson [39] determined that th;: contribution of clays and sand to the
adsorption of cadmium on river sediments was negligible even though they compose most -
-of the sediment mass. Indirectly, they can be important as ﬁatrices for coatings of iron

and manganese oxides and organic materials [19,39,55].
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Figure 14. Adsorption onto SiO2 as a function of surface area, S. pH = 70 Pe =
PC02=35; pMT =4.1tns].
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Mouvet [30] determined that most of the lead, 80 to 100 per cent, was readily
adsorbed onto river sediments, however, the sediments were not analyzed as to their
makeup.

Suzuki [19] found that cadmium correléted well with ignition loss of river sediments
and therefore the cadmium was adsorbed bredominately onto the organic fraction. The
inorganic fraction, however, could not be ignored and éccounted for some adsorp‘tion.

Sorg [11] noted that cadmium will be found mainly as the free ion Cd2* and other
complexed dissolved forms such as CdCO, (aq) and Cd-humic complexes. Adsorption onto
inorganic suspgnded-solids was not reported as being too significant. Lead, by contrast,
readily adsorbed onto suspended materials and was easily removed from high turbidity
surface waters. Figure 15 [11] illustrates this. The suspended-solids were not characterized
in Sorg’s study.

Davis and Leckie [50,52] found that more than one stoichiometric surface reaction
was usually necessary to describe the ad-sorption. behavior of d:ilute heavy metal ions onto
hydrous oxides. In their site-ﬁinding model, mass law equations for surface reactions of
metal ions are corrected for effects of the EDL. The significant surface reactions for an

a-quartz suspension were determined to be:

" Cadmium
=S80~ + CdOH;’ = =S0"-CJdOH* , @31
Lead | |
=S80~ + Pb** = =SSO -Pb** - : (32)
=S80~ + PhOH" = =SO™-PbOH" | - | _(33)

By fitting model calculations with experimental adsorption data for quartz, the intrinsic

surfaces complexation constants in Table 10 were determined.
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Figure 15. Effect of turbidity and pH on lead removal by settling [11].
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Table 10. Intrinsic Surface Comple‘xation Constants for Quartz [50].

Oxide Metal log K;&lz“ log K;I‘ZOH . Total Metal Concentration
a-quartz Cadmium —* 5.0 5% 1007 M
a-quartz Lead 4.6 7.8 O 5X 10" M

*Unable to determine since model:calculations were adequate with the monohydroxo com-
plex as the only adsorbing species.’

Lead forms stronger bonds with the quartz surface than doeé cadmium. It was also
noted that the intrinsic constants of heavy metal ions with a silica surface are considerably
smaller thén with other oxide surfaces [3,39,50]. The total metal concentration is reported
in Table 10 because it was found tpat the pH-adsorption relationships of several metal ions,
e.g., Pb(II) and Cd(II), on some hydrous oxides are dependent on the total metal concen-
trations, even at low adsorption density. Benjamin and Leckie [48] attributed this to an

array of oxide surface sites of variable complexation strength for metals.

Adsorption Onto Filter Media

No literature data was found describing trace metal adsorption onto anthracite coal.
While Sorg [11] reports some.removal in the dual media filters the actual method of
removal cannot be ascertained. Removal of suspended-solids, coagulant floc and/or adsorp-
tion to surfaces already attached to the filter media can ;Il be significant to the removals
reported. Coating of the filter media by AI(OH), (sj and Fe(OH), ('s) could control thg

adsorption characteristics of the media surfaces at pH values conducive to floc formation

[39].
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CHAPTER 6
EXPERIMENTAL WORK
Plan

The intent of the experimental work was to investigate lead and cadmium removals
under conditions simulating a direct filtration water treatment plant. To accomplish this, a
direct filtration pilot plant designed to incorporate many characteristics comrribnly found
in operating treatment plants was utilized.

Forty-four, five to eight hour, direct filtration pilot plant runs were conducted to col-
lect data on metal concentration, pH, turbidity and hegdloss variations. In addition,
supplemental benchscale tests were conducted in order to identify the mechanism(s) of
metal removal.

The major parameters investigated were pH and coagulant dosage. These two parame-
ters can be important in producing a high ~quali’cy water with respect to turbidity and metal

removal [10,11,15].

Turbidity Remdval

The Coagulation Diagrams shown in Figures 10 and 16 define regions of turbidity
removal within the thermodynamic boundaries of aluminum, AI(III), and iron, Fe(IIl).
The ordinate and abscissa are coagulant dosage (aluminum and iron salt) and pH, respec-
tively. An earlier study [15] has demonstrated the suitability of the charge—neutraliz_ation
region at near neutral pH as being especially suited to direct filtration. In this region a
colloidal suspension can be destabilized with relatively low coagulant dosage. This is

important in'a treatment scheme wherein all solids are removed in the filtration unit.
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Theory relating to colloid destabilization was discussed in Chapter S, section entitled

“Adsorption Behavior of Hydrolyzable Metal Ions.”

Trace Metal Removal

As discussed in Chapter 5, pH is an important van'ablé in controlling the solubility of |
t;ace metals in natural waters. References cited in Chapter 5 have shown that trace metals
can adsorb strongly onto hydrous oxide surfaces. Freshly precipitated hydrous aluminum
and ferric hydroxide, used‘ in water treatment as coagulants, provide large and ‘.active sur-
faces for this attachment to occur.

To produce an acceptable effluent water, both turbidity and trace metal removal
must be accomplished concurrently. The approach taken in this study was to run the pilot
plant within a range of variables suitable for turbidity removal and to evaluate trace metal
removal'in this context. Both turbidity and metal removal data were collected to identify
operating regions on the coagulation diagrams that resulted in attainment of the MCLs for

both'metal and turbidity.

Direct Filtration Pilot Plant

The constant rate direct filtration pilot plant used in this study is diagrammed ip
Figure 17. A constant flow of 1 L/min (0.264 g/min) was maintained throughout all pilot
plant experiments. The 220 L/m‘in/m2 (5.4 g/min/ft?) filtration rate falls towards the
upper end of rates repor.ted in a questionnaire survey of operating direct filtration plants
[22]. The constant rate was méintained with variable head inﬂu‘ént control.

The pilot plant consists of four major sections: the raw water reservoir (C), the rapid-

mix unit (D), the chemical feed reservoirs (A and B), and the filter unit (E).




A-COAGULANT STOCK

B- POLYMER STOCK

C-RAW WATER RESERVOIR
D-RAPID MIX

E-DUAL MEDIA FILTER

Q- FLOWMETER

G-SAMPLING PORTS
H-MANOMETER TAPS

[nl-MIXER !
(P)-PUMP
0-VALVE

BACKWASH WATER

Figure 17. Direct filtration pilot plant flow diagram.
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Raw Water Reservoir

A 200 L lined drum with a variable speed mixer was utilized as the raw water reser-
voir. Mixing was sufficient to provide a uniform influent water. The reservoir was covered

to minimize carbon dioxide exchange.

Raw Water Preparation.‘ Unless otherwise specified, Bozeman, Montana tap water was

used in all pilot plant runs. Water temperature was maintained at 20°C (68°F) by adjust-
ment of the cold and hot water taps at the time of filling. The significant chemical charac-

teristics of Bozeman tap water are given in Table 11.

Table 11. Bozeman Tap Water.

Parameter : Concentration
Alkalinity (mg/L as CaCO, ) 80
Sulfates  (mg/L) . 8
Hardness (mg/L as CaCO,) 100
Phosphates (mg/L) <0.2
Turbidity (NTU) 0.5-1.0
pH 7.4-17.17
Color (CU) 8
TDS {mg/L) i 150
TOC (mg/L) <5

Measurements over the years show these parameters to be fairly constant. Seasonal changes
occurred during the spring runoff period when tap water turbidity occasionally surpassed
10 NTU. Attempts at treatment . during the runoff period indicated a water that was
significantly different. However, by operating the pilot plant only when the tap water had
a turbidity < 1 NTU, seasonal ‘changes were avoided and the data collected was reproduci-
ble throughout the experimental period July 1982 to December 1983.

Since Bozeman water contains immeasurable concentrations of cadmium and lead,

both were added to the raw water. Initial metal concentration was not a variable in this
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- study. The initial tréce metal concentrations decided upon were 0.05 mg/L for cadmium
and 0.15 mg/L for lead, five and three times the MCL respectively.

Turbidity was added in the form of Min-U-Sil 30 (M30). This quartz suspension has
been used in previous studies [15,38] and is a product of the Pennsylvania Glass Sand
Corporation. A particle size dis'tribption [38] is included in Figure 18. It was found that
150 mg/L. M30 resulted in an unsettled turbidity of approximately 25 NTU. This initial
turbidity Was kept constant for all runs.

Control of raw water pH was échieved using hydrochloric acid (Eaker Reagent, 37%
HCI) or sodium hydroxide (Baker Reagent,.98.8% NaOH pellets). The pH was controlled
in the raw water reservoir to give fhe desired effluent pH. It is the efﬂuen‘t pH which is

reported in all subsequent results.

Rapid-Mix Unit

The raw water prepared' as des.cribed above was pumped to a constant head arrange-
ment on the influent side of the r.apid-'mix unit. The rapid-mix unit was comprised of a
cylindfical baffled vessel with a single motor driven shaft. The shaft rotated two propeller
type impellers at a constant 'rate. A .detention time of 1 minute was maintained by a
rotometer on the influent side of the mixer.. The level of mixing and detention time
resulted in a measured ‘velocity gr:adient, or G value, of approximately 4900 s™!. The
method of measurement is explained in a previous study [15] and is calculated from the
following expression:

p Y : .

G = l;V] | (34)
where, P = p;)wer input to the water, u = dynamic viscosity of water ’at 20°C, and V = the
volume of water in the rapid-mix vessel. The rationale for using such a high G value stems ‘

from another study [35] on rapid-mix design conducted at Montana State University.
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Figure 18. Particle size distribution for Min-U-Sil 30 [38].
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Coagulant Feed

Aluminum Sulfate, 16-hydrate (alym) (Baker Reagent, 99.8% crystal) was the coagau-
lant used in all runs unless otherwise specified. An alum stock solution concentration of
1 mg/ml had a pH of 3.5. According to Sanks [23] this stock concentration results in
approximately 76% of tc;tal aluminum as the free ion, Al(H, 0)3*. Alum dosages used in
this study correspond to equivalent amounts of Al, (8O4)5 ¢ 14.3-H20 so that the alum
coagulation diagram can be used directly. Coagulant was added directly to the rapid-mixer
from a constant head a'rrangeme_nt.'In those runs where a polyelectrolyte was used, addi-

tion of the polymer occurred after the rapid-mix as illustrated in Figure 17.

Filtration Unit

A constant rate, influent dontrolled, filter was used in this study. The filter consisted -
of a 3 inch diameter by 48 inch long cylindrical plexiglass column filled with 16 inches of
anthracite coal and 8 inches of silica sand. Size characteristics pf the media are given in

Table 12.

Table 12. Size Characteristics of Filter Media.

Size
Characteristic -Sand Coal
D, , effective size 0.46 ) 0.86
Dgo - 0.62 1.25
Dy, , 0.70 1.52
U, uniformity coefficient 1.35 1.46

The effluent from the rapid-mixer was pumped onto the filter via a one inch rise tube.
As the filter clogged during a run, the water level in this tube increased and the filtration
rate was kept constant. Monometer ports were located above and below the media bed and
at depths of 3, 9, 15 and 21 inches within the bed. At these same bed depths, drip sample

taps were also installed. These taps were adjusted at the start of a run to allow turbidity
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sampling within the bed. The combined flow from these ta};s was always less than 20 per
cent of the total flow.

Prior to each pilot plant run, the filter was backwashed for 30 minutes during which
all tibing was thoroughly flushed. The backwash was accomplished by expanding the
media bed 29 per cent by. reversing flow through the filter. This same procedure was
repeated at the end of each run, thus, the filter was essentially backwashed twice between

each operation.

Sampling Procedures

All metal samples were collected in acid washed (25 per cent HCI) 20 ml stoppered .
Pyrex test tubes. Turbidity and pH samples were collected in capped Nalgene bottles that'
were rinsed with distilled water between samplings.

Metal samples were collected every one-half hour from start of the run at the c’onstant
head vessel on the influent side of the rapid-mix (influent) and at the filter underdrain (ef-
fluent). For selected runs, metal samples were also collected at varioqs dep_ths within the
filter bed. All metal samples were acidified with nit_ric acid (Eaker Reagent, 70.9% HNO,)) -
as per recommendations in References' [26] and [37]. This depressed the pH to a'round
2.4. Most metal samples were analyzed within 24 hours of sampling. Samples prepared in
this way showed no measurable change in concentration over a two week storage period.

Turbidity samples were also collected eversl one-half hour at the influent, effluent,
and at the t"our filter sampling taps. Turbidity was méasured immediately upon sani-pling
with a Hach 2100 turbidimeter.

Measurements of pH were made at freqﬁent intervals to prevent deviations from the
desired effluent pH. Influent and effluent pH were recorded every one-half hour. A Beck-

man Altex ® 30 pH meter was used for all pH measurements. The instrument was checked
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for standardization ‘against known buffer solutions every two hours during pilot plant
operation.

Headloss data was obtained directly from the monometer board every one-half hour.

Atomic Absorption Spectrophotometer

Atomic abéorption spectroscopy (AAS) is the preferred technique for the analysis of
individual trace elements in complex mixtures where matrix materials are present in rela-
tively high concentrations [13]. The method is simple, rapid and applicable to a large num-
ber of metals. A custom built atomic absorption spectrophotometer (AA) was used for all
metal analysis in this study. The atomizer used in conjunction with a Varian AA-5 photo-
multiplier :(shelf item) was a Woodriff Constant Temperature Furnace (WCT .F) developed at
Montana State University. To aid the operator in the analysis for gross metal concentration,
an Apple II computer, video monitor and floppy disc reader were linked to the AA. The
program used greatly speeded analysis by integrating the absorbance curve, an example of
which is depicted in Figure 19. The significance of absorbance area is discussed in subse-
quent paragraphs. The computer program allowed the operator to visually monitor the
absorbance curve and its significant parameters—peak height and absorbance area. An '
assessment of data quality and operator consistency was inferred from the computer

generated data.

Woodriff Constant Temperature Furnace

The WCTF has a demonstrated analytical capability superior to many comumnercially
available spectrophotometers. Table 13 contains results from a recent study [13] defining
the optimum working ranges for the furnace. Only wavelengths used in this study are

listed.
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Figure 19. Atomic absorption spectrophotometer absorbance curve.
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Table 13. Optimum Working Ranges for the Woodriff Constant Temperature Furnace [13].

WCTF WCTF Flame™**
Optimum Optimum™** Spectroscopy
Slit Working Standard* Working Optimum
Wavelength ~ Width Range Error Range Range
(nm) -(um) (ng) (%) (mg/L) (mg/L)
Cadmium _
228.8 151.5 0.02-0.1 5.42 0.000125 -0.02 0.5-2.0
Lead
217.0 300 v.05-1.25 4.95 0.00031 -0.25 5-20

*Regression analysis of linear portion of absorption plot had a standard error of x% at
95% confidence.
**Values determined from min and max sample sizes, 5 and 1 60 ul, respectively.
**%*From Analytical Methods for Flame Spectroscopy. Varian Techtron, Australia (1972).

Beer’s Law

Subsequent discussion will be facilitated by examining Beer’s Law as it relates to AAS.

\

I = 1, e~ ' | - ' (35)

where,lo = intensity of incident radiation

I, = intensity of transmittal radiation
k' = absorption coefficient at given wavelength
¢ = concentration of absorbing atoms

1

length of the absorption path
Rearranging and taking the logarithm results in the following:
Iy ' o
In — = Kk'd (36)
I
This expression is defined as the absorbance and it is proportional to the analyte concen-
tration for a given path length, 1 and wavelength, A. Injection of the metal sample into the

furnace and subsequent absorbance is a time variant process. Initially the concentration of

metal (absorbing atoms) is high and absorbance increases to a maximum. As the number of
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absorbing atoms degreases due to depletion and flushing from the furnace (constant argon
flow), the transmitted radiation, It’ will return‘to the initial baseline ‘value, IO. Plotting
In IO/ It against time results in the absorbance curve of Figure 19. The area under the curve

. is proportional to the concentration of absorbing atoms, c.

Metal Analysis

Practical applications of AAS take advantage of the linear relationship between
absorbance and the concentration of absorbing atoms as defined by Equation (36). The
absorbing atoms are, in turn, proportional to the total analyte present in a given sample.

Typically, a plot of absorbance versus analyte mass will be linear at lower absorbance,
when only a small fraction of the incident radiation is absorbed, and will curve or flatten
out at higher absorbance [13]. When this occurs, sensitivity is lost. Ideally, analysis is
based on absorbance values corresponding to the most linear portion of the absorbance
plot.

The first step in the analysis of lead and cadmium wés the construction of standardi-
zation absorbance plots shown in Figures 20 and 21. For both metals studied, the most
sensitive wavelength as listed in Reference [36] was utilized. The choic'e of wavelength was
based on the anticipated range of metal concentrations to be measured.

The absorbance plots in Figures. 20 and 21 plot analyte mass (ng) on the abscissa axis
and absorbance number on the ordinate axis. Analyte mass was used to prevent confusion.
Samples were transferred to the atomizer in small graphite cups that had a maximum
capacity of 150 ul. Various size samples were transferred depending upon the sample
concentration anticipated. It was easier to think in terms of analyte mass rather than'
concentration as all samples were dried prior to injection into the furnace. Absorbance
number is generated by the clomputer integration of the ébsorbance curve and is propor-

tional to the amount of analyte as predicted by Equation (36).
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Figure 20. Typical standardization curve and working range for cadmium at 228 8 nm
wavelength.
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Figure 21. ‘Il'ypitchal standardization curve and working range for lead at 228 8 nm \yqe.
ength.
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Standardization Curves

The absorbance plots for cadmium and lead show the characteristic divergence from
linearity at higher absorbance numbers. Also a non-linear response was observed at the very
lowest absorbance readings. The portion of linear response was called the working range
and all samples to be analyzed were manipulated by choice of sample size to fall on this
portion of the cuive. Dilution was not required in this study.

Each time the AA Was operated a standard curve was constructed and unknown sam-
ples were compared against it. The standard curve contained four points that fell within
the working range described above. Each point ‘of the standard curve was the average of
threé samplés of known analyte mass. Standard solufions were prepared from metal salts,
lead nitrate crystal (Baker Reagent, 99.6% Pb(NO;),) and cadmium nitrate 4-hydrate

_ (Baker Reagent, 99.0%, Cd(NO, ), -4H,0).

Cadmium. The working range chosen for cadmium was 0.25 ng to 1.0 ng. This
portion of the absorbance plot had a correlation coefficient greater than +0.99. For a
sample size range from 10 to 150 ul, this working range equates to a concentration range
of 0.0017 mg/L to 0.10 mg/L. This was sufficient for all measurements. For the initial
cadmium concentration of 0.05 mg/L the lower"end of the concentration range equates to

a 96.6% removal of cadmium.

L.iacl. The working range for lead was 0.5 ng to 3.0 ng. The correlation coefficient.
for this range was greater than +0.99. The concentration range 0.003 mg/L to 0.3 mg/L
.was more than-adequate for all measurements. For the initial lead concentration of 0.15
mg/L, the lower end of the concentration range equates to measuremént of 97.8% lead

removal.
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CHAPTER 7
SPECIATION AND DISTRIBUTION MODELS

To better define‘the experimental water used in this study, speciétion and dis‘tribu-
tion models were .developed'fc;r cadmium and lead in Bozeman tap water. The distribution
of a particular trace metal between the soluble and insoluble fractioﬁs '(see Table 4) can be
useful information in designing systems to meet the MCL.

The modéls developed in this chapter were used to predict the amount of metal asso-
ciated with the quartz suspension. The adsorption model used [50] identified specific sur-
face réactions and, therefore, concentrations of these surface active species were required
to calculate the adsorbed metal.

The model described in subsequent pafagraphs provides for simultaneous solution of

the soluble species concentrations as well as the metal fraction adsorbed.

Model Constituents

For both cadmium and lead the following constituents were used in the model: | CT]
= 10777 M; [SO%"] = 107*-*3 M; 150 mg/L quartz suspension; and organics = 1.0 mg/L
TOC. The metal inorganic ligand complexes considered and their formation constants are
listed in Table 5. The conditional complexation constants for the organic ligands present,
measured as mg/L TOC, are included in Table 6. Intrinsic adsorption constants for specific

quartz surface reactions are found in Table 10.
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Major Assumptions

The following major assumptions were made:

1. It was assumed that only the previously mentioned constituents were needed to
describe the speciation and distribution of cadmium and lead in the experimental water.

2. It was assumed that the kinetics of carbonate precipitate were insufficiently rapid
to regulate cadmium and lead solubilities. This was based upon Patterson’s [17] test results
depicted in Figures 6 and 7, the initial metal concentration and the average .detent.ion time
of the raw water reservoir and pilot pl’aﬁt. Tests performed by Naylor and Dague [10] indi-
cate that this assumption méy not be valid for lead. Their data indicate lead éolubilities less
than 107¢-'% M above pH 8.

3. The conditioﬁal complexétion constants for organic complexation with cadmium
were assumed equal for organic complexation with lead. As these constants were derived
for an entirely different water [46], the assumption is made that the chemical structure,
and therefore the complexing ability, of the soluble organics in the water described in
Reference [46] were comparable tfo those of the organic ligands present in Bozeman tap
water.

3. Many assﬁmptions were necessary to incorporate the Min-U-Sil adsorptive surface
into the model. The surface reactions shown in Table 10 require calculation of moles per
liter (=Si0~) sites as well as the molar concentration of the surface active metal species.
In determining the former, the following parameters and equilibria were used:

1. 150 mg/L M30 added to experimental water.

2. M30 surface area equal to 0.54 m? /gm [57].

3. =S8iOH surface site density equal to 5 sites/100 A? [45].
4. Avogadro constant equal to 6.0225 X 1023 /mole [26].

5. pK ;nt for SiO? surface ionization equal to 6.77 [27].
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With the above information, the [=SiO~] is determined from the following equation:
[=Si07] = Kl?nt [=SiOH]/ H* ' 37)

where, Kiznt = 107677 [=SiOH] = 1078-7 M.

Speciation and Distribution Model for Cadmium

The total cadmium concentration can be calculated from the following equation:

Cdp = [Cd**] + [CdOH*] + [CA(OH)?] + [CdSOY] + [CACO?]

+ [CdHCO%] + [=Si0O-CdOH*] + [Cd-organics] (38)
Upon substitution of appropriate constants from Tables 5, 6 and 10, Equation (38) be-
comes,

Cdp = 1Cd*] {14105 OH- +1077 OH- * +10%4[S02"]
(39)
+ 10°-°7[CO37] +10%* [HCO$ ] + 105 [CdOH*] [sSio-]} + [Cd-org]

where, Cd = total cadmium, [CAOH*] = 103-81[Cd**] QH-
One simplifying assumption used in Equation [39] pertains to leaving the Cd-organic com-
plexes outside the brackets. The Cd-organic complex concentrations were determined using
Equation (1) and the conditional complexation constants found in Table 6. Tﬁe Cd-organic
complex concentrations were calculated assuming that the 0.05 mg/L cadmium concentra-
tion added to the experimental water remained in a soluble state. This was later verified,
but, had a significant fraction of the added cadmium been insoluble, adjustments to
Equation (38) would be necessary.

Solving Equation (39) for various pH, and subseque'ntly various [OH™], [HCO3],
[Cd-organics], [COZ™] and [=SiO~] results in the a-pH curves of Figure 1. Alpha values

relate to the following ratio, [cadmium species] /CdT.
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Results

The predominant cadmium species are Cd?* below PH 9 and CdCO Y above this pH.
Adsorbed cadmium is 1ns1gn1ﬁcant with less than 1 per cent adsorption pred1cted at all pH.
The results of this model compare favorably with other cadmium speciation and dlStI’lbu-
tion models cited [3,39].

The same procedures were used iq developing the lead model shown in Figure 2. The
predominant lead species below pH 7.2 is Pb?*; PbHC‘O’; is significant between pH 7 and
pH 8.1; PbOH* and PbCO§ are.the main species predicted between pH 8.1 and 9.5; and
Pb(OH)J becomes significant only above pH 9.5. Adsorbed lead is not significant for'the
quartz surface area used in this study. '

The models depicted in Figures 1 and 2 are for the raw water (Bozeman tap water
plus Min-U-Sil and metal) and, therefore,.do not describe the experimental water upon
addition of coagulant. The models can, however, predict metal speciation resulting from

pH control which was accomplished in the raw water reservoir. -
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CHAPTER 8
RESULTS AND DISCUSSION

The data obtained from pilot plant runs and jar testé will be presented and discussed
in accordance with fhe objectives stated in Chapter 3. Evaluation of removal efficiencies
within a direct fﬂtrétion pilot plant was the primary objectiye of this study. Establishment
of operational guidelines to satisfy metal and turbidity' MCLs was accomplished _by plotting
measured removals upon the alum coagulation diégram -and constructing isoremoval lines.
Identiﬂcatioq of the predomi;lant removal mechanism(s) proved difficult. Some statements
concerning removal mechaniéms, however, are possible .using experimental data and -pre—
vious studies. Finally, the results obtained will be compared with data from the literature,

much of which has already been presented in Chapfer 5.

Removal Efficiencies

Cadmium and lead removal efficiencies were measured for various pH and alum
dosages. Since cadmium proved more difficult to remove, it received more atténtion. In
addition to the major parameters, the effects of coagulant type, alkalinity, humic acids and

polymers were evaluated for cadmium removal.

Cadmium
Figures 22, 23 and 24 present cadmium and turbidity removal data as a function of
pH for three different alum dosages. The 95 per cent confidence intervals shown are for

seven measurements taken during each 5-hour pilot plant.
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Figures 22 and 23. Turbidity and cadmium removals for 15 and 8 mg/L alum. Cdj=0.05
mg/L; turbj = 25 NTU.
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Figure 24. Turbidity and cadmium removals for 4 mg/L alum. Cd* = 0.05 mg/L; turb| =
25 NTU.
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ﬁl_. The removal of cadmium is strongly pH dependent with increased removals cor-
responding to higher pH. This behavior of hydrolyzable metal ions can be observed as a
consequence of precipitation and/or adsorption. Figure 6 indicates that cadmium becorﬁes
less soluble with increasing pH in the pH range investigated.
The cadmium MCL, for 15 and 8 mg/L alum dosages, was not satisfied until the pH
was elevated above pH 9.0. The best removal obtained with 4 mg/L alum was 70 per cent

removal at pH 9.5. This does not meet the MCL.

Coagulant Dosage. Cadmium removal increased slightly with increased alum dosage.
Figure 25 is a composite of the cadmium removals for the three alum dosages used. The

cadmium MCL is only met with the higher alum dosages and then only at elevated pH..

Turbidity. Cadmium removal correlates poorly with turbidity removal as shown in
Figure 26. A correlation coefficient, r, equal to +0.1167 is obtained from a linear regres-
sion of the data. For all alum dosages investigated, greater than 80 per cent turbidity
_removal’is achieved at pH 6.9. However, there is little or no cadmium removal at this pH.
For pH greater than 8, cadmium removal is comparable for all alum dosages, however, tur-
bidity removals are quite variable. Alum dosages of 15 and 8 mg/L result in greater than
80 per cent turbidity removal, while a 4 mg/L alum dosage results.in only 50 per cent
removal above pH 8. Most likely the smallest particles with the greatest surface area are -
passing the filter. If cadmium is significantly associated with the M30, the high cadmium
removal and poor turbidity removal, observed at pH 9.5 using 4 mg/L alum, would not

occur concurrently.

Ferric Chloride. A series of pilot plant runs was made with ferric chloride (FeCl, -

6H, O) as a comparison against an equal molar concentration of alum. Figure 27 depicts

results for 8 mg/L coagulant dosages (10757 M AI(IIl) and Fe(III)). The cadmium MCL
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Figure 25. Cadmium removal composite. Cdj - 0.05 mg/L.
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Figure 26. Correlation between cadmium and turbidity removals.
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Figure 27. Comparison—Cadmium removals with Fe(lll) coagulation. Cd = 0.05 me/L
turbj = 25 NTU; coagulant = 8 mg/L. 1
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was met.at pH 8.5 using the ferric chloride, whe‘reas, elevating the pH to 9.5 was required
to achieve the same removal efficiency with alum. Turbidity removals were comparable.
The head loss rates for the ferric chloride runs were significantly greater as shown in Figure
28. This could prove troublesome in a direct filtration application where filter run length is
an important design criteria. Lower ferric chloride dosages were not evaluated and could

conceivably reduce headloss rates significantly while still providing adequate removal.

Polymer. Figure 29 compares removals for runs conducted with‘and without 0.4
mg/L cationic polymer (Calgon Corp. CAT-FLOC T). CAT-FLOC T was chosen because it
is a medium molecular weight, cationic polymer recommended for direct filtration [16].
The 0.4 mg/L dosage utilized was determined from jar tests; lower dosages did not provide
adequate turbidity removal when used in conjunction with 4 mg[L alum. Use of the poly-
mer resulted in much improved turbidity removals (turbidity MCL met at all pH) and
slightly better cadmium removals. With the proper use of polymers, meeting the cadmium

MCL becomes the primary challenge to providing an adequate effluent water.

Humic Acid. The effect of humic acid on cadmium removal was assessed with two
pilot plant runs plotted on the alum coagulation diagram of Figure 30. Humic Acid (4
mg/L) was added to the raw water reservoir having an average detention. time of 90 min-
utes. The color removals observed were in good agreemenf with a previous study [14]. At
pH 6.8, the removalé measured were 8 per cent cadmium and 100 per cent color (initial
color = 70 CUs). At pH 8.2, 40 per cent cadmium and 0 per cent color removals occusred.
These cadmium removal efficiencies are comparable to removals 6btained with 15 mg/L
alum without HA present (see Figure 22). Cadmium removal was nvo.t significantly affected

by the presence of HA indicating little if any complexation under the test conditions.
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Figure 28. Headless rates for pilot plant filter. Fe(111) = AlI(11l) =10-4 s7M
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Figure 29. Comparison-Cadmium removals with polymer (0.4 mg/L CAT-FLOC T) Cd- =
0.05 mg/L; turbj =25 NTU. B |
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Alkalinity. A single pilot plant run was conducted at an increased alkalinity. The
alkalinity was raised from 1.5 meg/L to 4.5 meq/L with the results plotted on .Figure 22.

There were no significant changes in turbidity and cadmium removals.

Lead

Figures 31, 32 and 33 present lead and turbidity removal data as a function of pH for

three different alum dosages.

pH. For the 15 and 8 mg/L alum dosages, lead and turbidity removals are essentially
independent of pﬁ. Between 80 and 90 per cent lead removals were observed for all pH
values investigated. Lead removal is also fairly independent of pH for an alum dosage of
4 mg/L with somewhat lower removals, 60 to 80 per cent, observed. The highest removal

at pH 6.9 corresponds to charge neutralization of the M30 suspension within the adsorp-

tion-destabilization region of the alum coagulation diagram. Figure 34 shows that the MCL

for lead is satisfied for all pH and alum dosages used.

Turbidity. Lead removal correlates well with turbidity removal as shown in Figure 35.
A +0.8674 correlation coefficient is obtained from a linear regression of the data. Many
studies [4,5,11] have concluded that good particulate removal is the key to good lead

removal.

For quick combarisons between cadmium and lead removals, Figures 36, 37 and 38

are presented.

Operational Guidelines

The alum coagulation diagram is useful in graphically depicting the regions of effec-

tive metal and turbidity removal.




Figure 31. Turbidity and lead removals for 15 mg/L alum. Pbi - 0.15 mg/L; Uirbj
NTU.
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Figures 32 and 33. Turbidity and lead removals for 8 and 4 mg/L alum. Pb: = 0.15 mg/L;
lurbi = 25 NTU.
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A - 15 mg/L alum

Figure 34. Lead removal composite. Pb; - 0.15 mg/L.
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Figure 35. Correlation between turbidity and lead removals. Pb: = 0.15 mg/L- turb- = 25
MTT T
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Figure 36. Comparison between lead and cadmium removals for 15 mg/% alum. Cdj - 0.05
mg/L; Pbj = 0.15 mg/L; turbj = 25 NTU.
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Cadmium

The isoremoval lines for cadmiﬁm and turbidity are presented in Figure 39. When
operating at a pH and alum dosage that coincides with the shaded areas, the MCL for tur-
bidity (1 NTU) will be met. ‘_The hatched region ensures compliance with both cadmium
and turbidity MCLs. To meet the MCLs for ’poth cadmium and turbidity one should oper-
ate above pH 9.3 and with an 8 mg/L or higher alum dosage.

Figure 40 plots some of the same data on the coagulation diagram with the thermo-
dynamic boundaries for aluminum shown. If operating at the recommended pH and alum
dosage, one will be operating outside of the thermodynamic boundaries of Figure 40.
While not investigated in this study, concern is growing over residual aluminumv in the
effluent water. The low alum dosages utilized (< 15 mg/L) will result in a maximum
residual of 1.35 mg/L as al_uminum. This is siénificantly higher than the 0.05 mg/L goall
set by the American Water Works Association.

The iron (III) coagulation diagram of Figure 16 predicts that no such prob]em. is
likely to occur with Fe(II) coagulation since Fe(OH), (s) preqipitates over a much wider
pH range.

The operating region described above is only applicable to waters similar (see Table
11) to the experimental Water. The high turbidity removals outside the thermodynamic
boundaries of aluminum are due to the hardness comiponent. The investigation of this is

discussed later in this chapter.

Lead

Figure 41 plots isoremoval lines for lead and turbidity. The shaded areas represent 70
per cent or greater lead removal. This amount of removal satisfies the MCL for lead. The
hatched regions represent pH and alum dosages that satisfy both turbidity and lead MCLs.

Though not investigated, the use of polymers should result in effective lead removal at all
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Figure 39. Operating regions for cadmium and turbidity removal. Cd: = 0.05 mg/L; turb:
25 NTU.
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pH and alum dosages utilized in this study. The turbidity removals shown in Figure 29 sup-

port this.

Contribution of Hardness to Turbidity Removal

The excellent turbidity removal observed outside the thermodynamic boundaries of
aluminum w‘és not anticipated. This phenomenon did provide an operating region for
simultaneously meeting the MCLs for .cadmium and turbidity and was therefore investi-
gated further. Figure 42 shows the results of a pilot plant run performed for the purpose _.
of investigating what, if any, role calcium (Ca(II)) and magnesium (Mg(ID)) played in tur-
bidity removals at elevated pH. The vertical dashed lines of Figure 42 separate periods

when different experimental waters were used. Initially, a synthetic water containing 1.5

‘meq/L alkalinity (NaHCO;) and no hardness was run through the pilot plant. With an

effluent pH of 9.5 and an alum dosage of 8 mg/L, between 20 and 30 per cent turbidity
;emoval was observed. Cadmium remO\I/al was épparently unaffected by the absence of
hardness ions and approximately 96 per.cent was removed. A little more than 3 hours into
the run the raw water was switched to a second synthetic water (synthetic water IT) con-
taining 1.5 meq/L alkélinity and 2.0 meq/L hardness (CaCl,). Immedi.ately the turbidity
removal improved to roughly 90 per cent. After the fifth hour of the run the raw water
was again switched, this time to Bozeman tap water. The 96 ‘per cent cadmium and 90+
per cent Tcurbidity removals continued relatively unchanged for the remainder of the run.

The dramatic improvement to turbidity removal is clearly due to the presence of the
major divalent cation, Ca(Il), in the second synthetic water. To further investigate this
phenomenon, total harc_iness was measured in influent and effluent samples using the
EDTA titrimetric method from Standard Methods [37]. The influent hardness for syn-A
thetic water II was measured at 105 mg/L as CaCO, , while the effluent hardness was deter-

mined to be 64 mg/L as CaCO,. Therefore, a hardness removal of 41 mg/L as CaCOslA
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Figure 42. Role of hardness in turbidity removal at elevated pH. 8 mg/L alum; 25 NTU
turb; Cdi =0.05 mg/L; pH = 9.5.
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occurred through the pilot plant. A pilot plant run made to evaluate lead.removal at pH
9.5 also showed measurable hardness removal, however, not fo the extent observed with
the synthetic water. The initial hardness of 92 mg/L as CaCO, was reduced to 85 mg/L,
a hardness removal of 7 mg/L as CaCO,. The different extent of hardness removal for the
two waters was .not investigated, but, may have to do with the kinetics of CaCOs (s)
precipitation. It is also possible that mixed calcium-aluminate precipitates are being formed.

Another interesting observation with resﬁect to the role of hardness in turbidity
removal at elevated pH pertains to the alum dosage. As can be seen in Figure 24, the
improved turbidity removal at pH > 8 does not occur for the 4 mg/L alum dosage nor the
run conducted without alum. The removal is better than the 20 to 30 per cent removal,
shown in Figure 42, however, turbidity removal does not improve above 50 per cent.
- Although not investigated in this study, apparently a certain minimum alum dosage acts in
conjunction with the hardness ions to destabilize and/or sweep the turbid suspension. This
evidence would seem to support the formation of mixed calcium-aluminate precipitates

mentioned above.

Mechanisms of Removal

Chapter 4 introduces several possible processes by which trace amounts of cadmium
and lead can be removed from solution in a direct filtration treatment scheme. Identifica-
tion of the more significant removal mechanism(s) could prove useful in designing unit
processes and/or establishing operating procedures to effectively treat waters containing

trace amounts of metal.

Cadmium
The various possible removal mechanisms will be evaluated in light of the pilot plant

data presented above. Supplemental bench-scale test data will also be presented.
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Adsorption Onto Silica Suspension. Any cadmium adsorbed onto the turbid suspen-

sion should be readily removed by coagulation followed by filtration [4,5,11]. The liter-
ature cited in Chapter 5, however, indicates a ininor or negligible contribution from a
quartz suspension for surface areas consistent with this study. This is reflected in the speci-
ation model developed in Chapter 7.

As shown in Figure 26, a very weak correlation exists between turbidity removal and
cadmijum removal. In addition to the incongruencies betweeﬁ cadmiu{n and turbidit;ll
removals already discussed, Figure 42 shows another situation where the cadmium removal
is independent of the turbidity removal achieved. In this case the Ca(II) hardness compo-
nent of synthetic water II is responsible for a dramatic increase in turbidity removal, an
increase from 25 to 90 per cent. The cadmium removal remains unchanged.

Jar tests performed by mixing a turbid suspension (20 NTU Min-U-Sil) and a turbid-
ity free water of the same chemical makeup further suggests the insignificance of the sus-
pension in removing cadmium. Jars were mixed for 15 minutes at 80 rpm, then centrifuged
at 10,000 rpm for 10 minutes. The results obtained are shown in Figure 43. The apparent
high adsorption onto the test apparatus was not accounted for, however, the differences

between the turbid and non-turbid waters are insignificant.

Precipitation Due to pH Control. The gradual increase in cadmium removal with

increasing pH would appear to support evidence of a precipitation reaction in controlling
cadmium solubility. As stated in Chapter 5, many researchers have used the low solubilities
of the cadmium hydroxide and cadmium carbonate to explain observed removals and/c#
the low concentrations of cadmium found in natural waters. Short duration solubility tests,
e.g., Patterson’s [17] 4 hour jar tests, however, are strong evidence that the kinetics of the

carbonate precipitation reaction are slow in dilute solutions. Even Patterson’s theoretical
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Figure 43. Effect of turbidity on cadmium removal (jar test data). Cdj - 0.05 mg/L.
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phase diagram for a fresh precipitate (see Figure 6) does not predict CdCO, (s) precipita-
tion below pH 8 for the initial cadmium concentration used in this study. It is, therefore,
highly unlikely that the 25 to 40 per cent removals, shown in Figure 25 for pH 8.0, are a
result of CdCOa (s) precipitation. '

To assess Whether the cadmium was being removed by a precipitation process, a series
of 90 minute pilot plant runs were performed. Figure 44 indicates that much of the cadm-
mium is already in the insoluble fraction prior to filtration. Samples were collected above
the filter with the metal analysis consisting of a comparison between centrifuged (10,000
rpm for 10 minutes) and uncentrifuged portions. Since turbidity and alum coagulant were
present in those runs, additional e;(periménts were necessary to isolate the mechanism(s)
of removal. | '

Figure 45 gives the results of 90 minute pilot plant rur;s perforﬁed without alum.
Also included are data for 4, 8 and 15 mg/L alum measured at 90 minufes. Surprisingly,
the removals achieved without alum are somewhat higher. Although not very-significant,
chemical differences between Bozeman tap water and the synthetic water may be responsi-
ble. Regardless, coprecipitation of cadmium with alum does not appear to be that signifi-
cant.

Adsorption of cadmium onto the Min-U-Sil suspension has already béen discussed and
discoﬁnted.

Analyzed together, the data presented in Figures 43, 44 and 45 would sﬁpport a pre-
cipitation reaction as regulating the cadmium concentration.

Because a pfecipitation reaction is contrary to much of the evidence presented in
Chapter 5, especially the evidence supporting slow carbonate precipiftation, additional
bench-scale tests were performed.' The tests for cadmium are presented in Figure 46. Paral-
lel tests were conducted at pH 7.5 and 9.5 for each parameter investigated. Tests were

either 30 minutes or 5 minutes as indicated.
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Figure 44. Cadmium removals ahead of filter. Alum = 8 mg/L; turb: = 25 NTU; Cd: = 0.05
mg/L.
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Figure 45. Cadmium removals at T = 90 min. Data for no alum using synthetic water: 1.5
meg/L alkalinity; 2.0 meq/L hardness; Cdj = 0.05 mg/L.
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Figure 46. Bench-scale tests for cadmium. Coal and sand-5 min duration; all others-30
min duration; Cdj = 0.03 mg/L.
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The tests performed by pH adjustment only showed low cadmium removals: Surpris- .
ingly, the removal measured at pH 9.5 was less than the removal measured at pH 7.5. This
is not explained and ,may be an indication of the insensitivity of these tests. Regardless, -

the data is not evidence of a precipitation reaction.

Coprecipitation with Coagulant. Figure 25 shows that somewhat higher cadmium

: rémovals occur with in.creased alum dosage. Sorg [11], using a wider range of alum dosages
on a river water, found cadmium removals to increase from 10 to 60 per cent when the dos-
age was varied from 10 to 50 mg/L at pH 8.3. The glum dosages used in this study fall at or
below the lower end of this range. The minor role'of alum towards cadmiﬁm‘removal as
evidenced by da’ga presented in Figure 45, therefore, is not inconsistent with Sorg’s results.

Assuming that coprecipitation with alum is an important removal mechanism for
cadmium, removals should be affected at or near the aluminum ﬁydroxide thermodyﬁamic
boundary. This is not observed in the pilot plant data. Removals increase to pH 9.5, the
highest pH investigated.

Bench-scale jar tests depicted in Figure 46 demonstrated increased (as compared to
pH adjustment alone) removals when 15 mg/L alum was used. The parallel tests at pH7.5-
and 9.5 are not. significantly different, and this is evidence against a stroﬁg coprecipitatio_n
reaction between alum and cadmium. While substantial alufninum hydroxide formation
should occur at pH 7.5 (see Figure 10), no precipitate is expected outside the thermo-

dynamic boundaries of aluminum at pH 9.5.

Coprecipitation with Hardness. This potential removal mechanism for cadmium is

insignificant as demonstrated by the experimental results shown in Figure 42. The 95+

per cent cadmium removal is unchanged for waters with and without. Ca(lI) hardness.
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Adsorption Onto Filter Media. Figure 47 plots cadmium removal results for synthetic

waters collected ahead of and after the filter. The difference between the two curves can
be interpreted as removal within the filter. The removal data collected after the filter was
for a water without coagulant treatment, therefore, the differences may be conservative,
and the role of the filter media understated. I.t is probable that the aluminum hydroxide
floc stored in the filter will provide additional surface area for cadmium adsorption.

The high removals obtained during 5 minute jar tests with anthracite coal and silica
sand were not anticipated. The tests were conducted with used media taken out of the
pilot plant filter. When the rﬁedia was acid washed, the cadmium removal.s obtained were
essentially unchanged. The cadmium removals measured for coal were higher than removals
obtained with the silica sand.

The pH dependence of these jar test results may contribute significantly to higher
removals at elevated pH. Figure 47 shows that removal of cadmium within the filter is

highest at the upper end of the pH range investigated.

Lead

Fewer bench-scale and pilot plant experiments were conducted to identify the pre-

dominant removal mechanism(s) for lead.

Adsorption Onto the Silica Suspension. The speciation and distribution model devel-

oped for this study predicts insignificant adsorption onto the quartz suspension. Othe.r
studies, howevqr, indicate that lead has a high adsorption potential [6,10,11] for naturally
occurring suspended solids. |

Thé strong correlation between turbidity removal and lead removal does not unequiv-
ocally show that lead is associated with the suspended solids present. If lead were pre-

dominantly insoluble due to other processes, it could also show this high correlation with
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Figure 47. Cadmium removal within filter. Cdi- 0.05 mg/L.
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turbidity removal. In either situation, lead removal efficiency would be a function of the
effectiveness of particulate removal within the filter.

The bench-scale test results for lead are presented in Figure 48. The 30 minute jar
tests with a 25 NTU M30 suspension indicate high removals at pH 7.5 and pH 9.5. The
removals are s.ignificantly higher than those obtained with pH adjustment only. A slight
increase in removal was observed with pH 9.5.

- The lead adsorbed onto the test apparatus was 30 per cent at both pH 7.5 and 9.5. If

“the adsorption onto the jars is neglected, lead removal at pH 7.5 is not increased over the

removal measured with pH adjustment alone. Removals observed at pH 9.5 are 25 per cent
greater. These results are in qualitative agreemént with Davis and Leckie’s site binding
model [50]. At higher pH the available (= SO™) sites will increase and the surface complex-

ation reaction will increase as [PbOH*] increases above pH 8 (see Figure 2).

Precipitation with pH Control. The pH independent removals observed for lead are

not indicative of a precipitation control mechanism, however, they do not necessarily pre-
clude it. If lead is sufficiently insoluble at all pH' investigated, removals may be more a'
function of particulate removal as discussed earlier. It is also possible that other removal
mechanisms mask a pH dependent solubility.

Lead removals .fc;r jar tests performed on waters adjusted for pH only are shown in
Figure 48. As was the cése with cadmium, removals were low and, surprisingly, lowest for
pH 9.5.

I.nconsistencies in the literature, e.g., Sorg’s [11] jar test result.s versus Naylor and
Dagﬁe’s {107 jar test results, together with the lack of data collected in this stlidy, pre-

clude any conclusive statements with regard to lead precipitation.

Coprecipitation with Coagulant. The high lead removals at low pH (< 8) are readily

explained by the affinity that alum has for lead. Figure 48 shows removals obtained with
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15 mg/L alum at pH 7.5 and 9.5. Approximately 80 per cent of the lead was removed at.
pH 7.5, where substantial aluminum hydroxide floc formati(;n occurs. This is compared to
24 per ceﬂt removal at pH 9.5.
The high affinity between lead and alum floc is further evidenced by comparing lead
rem‘oval.s obtained with alum to cadmium removals obta'ined with alum. This is done in

Figure 49. Lead is removed to a much greater extent.

Adsorption Onto Filter Media. Figure 50 indicates that adsorption onto the filter

media may not be as significant for lead as it appears to be for cadmium. However, based .
upon the discussion of the generalized adsorption behavior of hydrolyzable metal ioné pre-
sented in Chapter 5, it is unlikely that lead would have a greater affinity for aluminum
hy&roxide and a lower affinity for the filter media. This probably is another indication

of the insensitivity of these tests and the data should be interpreted cautiously.

Comparison of Results

Lead and cadmium removals obtained with a direct filtration pilot plant are similar to
removals reported in the literature for conventional coagulation pilot plant and bench-
scale tests. Much of the literature data has been presented in Chapter 5. Only the more sig-

nificant findings are reviewed in this section.

Cadmium

Sorg [11] reported cadmium removals increasing from 10 to 85 per cent in the pH
range 6.5 to 9. Somewhat higher removals were obtained with ferric sulfate coagulant.
Anywhere from 50 to 90 per cent of the 0.03 to 0.05 mg/L initial cadmium concentration
was removed by settling prior to filtration. Sorg concluded that pH was the most signifi-

cant variablé in the removal of cadmium.
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Cadmium removals obtained with the direct ﬁltratjon pilot plant are plotted in Figure
25. Removals increased from zero to 85 per cent in the pH range 6.5 to 9.5. The same
strong pH dependency is observed. Pilot plant runs using ferric chloride coagulant resulted
in superior removals, as compared to alum, at all pH values. No significant differences in
cadmium removals are observed with direct filtration and conventional coagulation treat-

ment schemes.

Lead

Both Sorg [11] and Naylor aﬁd Dague [10] investigated lead removals in simulated
conventional coagulation treafmentZ plants.

Sorg’s lead removals, obtained with pilot plant and bench-scale tests were indepen-
dent of pH with nearly 100 per cent of the 0.08 to 0.16 mg/L initial lead concer;tration
removed in the pH range 6 to 10..Alum coagulation of low-turbidity well water was the
only exception with pH dependent lead removal. Removals increased from 78 to 96 per
cent in the pH range 6.6 to 9.6. |

Naylor and Dague performed jar tests to investigate lead removal. Their tests came
closest to simulating direct filtration by using 0.45 um membrane filter paper to simulate
the solids separation steps of sediméntation and filtration. The results of these tests indi-
cate that alum has only a small e.ffect‘ on lead solubility. The removals obtained were '
similar to removals observed with alkalinity variétions alone. One significant difference
between Naylor and Dague’s tests and Sorg’s tests was the initial lead concentration. Naylor
and Dague used a 2 mg/L initial lead concentration. This concentration is sufficiently high
to precipitate lead (see Figure 7) and, thus, the similarity between lead removal as a result
of pH adjustment of a water containing alkalinity and lead removal with coagulation of the

same water. Both resulted in less than 0.05 mg/L lead.
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Lead removals obtained with ‘the direct filtration pilot plant are plotted in Figure 34.
Removals are relativgly pH‘ independent ranging from 65 to 95 per cent in the pH range 6
to 9.5. The lowest lead removals correspond to the 4 rﬁg/L alum dosage used. Higher alum
dosages generally resulted in higher lead rémovals. The superior removals observed by Sorg
probably result from higher coagulant dosages (=~ 30 rﬁg/L alum) and lsuspended solids
with a greater affinity for lead (see Figure 155: All in all, Sorg’s results compare favorably
with data from this study.

Naylor and Dague’s resulfs are not d‘irectly comparable with this study. Between pH
7.0 and 9.5, lead solubility was ~ 0.05 mg/L. This corresponds to 97.5 per cent removal
for the initial lead concentration used. Sorg [il] performed jar tests which demonstrated
that initial lead concentration has an effect on the lead concentration remaining in solution
after coagulation. If this is considered, Naylor and bague’s data is not inconsistent with

other data presented above.
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CHAPTER 9

CONCLUSIONS

Removal Efficiencies

The metal and turbidity removals obtained in this study are adequately summarized in
Chapter 8. Cadmium and lead demonstratey considerably different removal characteristics.

Cadmium removal is pH dependent with removals increasing gradually from 6.9 to
9.5 (the pH range investigated). While this characteristic is commonly observed with pre-
cipitation aﬁd adsorption reactions, the pH-adsorption curve typically increases from zero
adsorption to 100 per cent adsorption over a narrower pH range, oftentimes less than 1 pH
unit wide.

Lead femoval, by contrast, is pH independent with removals ranging from 65 to'95
per cent. The higher removals corresponded to higher alum dosages, and combinations of
alum dosage and pH that produced the best turbidity removals.

Turbidity removals are highest at near neutral pH and.above pH 9.0. The high removals
observed at neutral pH corre.spond to the charge-neutralization of tﬁe colloidal suspension
(see Figure 10). High removals above pH 9 result from the hardness in the water. Increasiﬁg
the alum dosage from 4 to 15 mg/L produced a lower effluent turbidity. However, more
rapid clogging of the filter with the 15 mg/L dosage led to earlier effluent degradation, and
subsequently the average removal obseryed over the 5-hour run was at times inferior to that

obtained with the 8 mg/L dosage.
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Operational Guidelines

_ As a result of the different removal- characteristics described above, the proposed
operational guidelines for lead and cadmium are quite different.

Cadmium and turbidﬁty ‘MCLs are met concurrently when the pilot plant operates
above pH 9.3 with an alum dosage > 8 mg/L (see Figure 39). Usihg polymers will undoubt-
edly provide the required turbidity removal at all alum dosage and pH investigated, there-
fore, operating at a pH that provides effective cadmium removal should satisfy both MCLs.

Lead and turbidity MCLs are met concurrently whenever the turbidity MCL is met.
This includes the region of excellent turbidity removal at near neutral pH in addition to
the excellent removals observed at elevated pH (see Figure 41). The use ;>f polymers will
most likely result in simultaneous achievement of both lead and turbidity MCLs for the

range of pH and alum dosages used in this study.

Removal Mechanisms

- Cadmium

Cadmium removals apparently result from a qombination of several removal mecha-
nisms.

Adsorption onto the silica suspénsién and coprecipitation with aluminum hydroxide
floc are not responsible for the observed removals, however, they undoubtedly contribute.

Precipitation of cadmium as CdCO, (s) is doubtful, but, not disproved by the data
collected in this study.

Adsorption of cadmium onto the filter media contributés to observed removals, and,
may be significant. Jar tests indicate that the process is pH dependent with greater removals

occurring at higher pH. This is consistent with the experimental .data and especially with -
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results of supplementary pilot plant runs shown in Figure 47. Those experiments show that
removals of soluble cadmium within the filter increase with pH7™

Pilot plant data indicates that cadmium is to a large extent already in an insoluble
state (at elevated pH) ahead of the filter. Experiments performed to determine the cause
of this insolubility discounted coprecipitation with the coagulant and adsorption onto the
silica suspension. It is possib}e some other adsorption phenomenon and/or precipitation is -
responsible.

Benes and Koﬁicka [56] discovereq cadmium to be somewhat insoluble in dilute solu-
tions, 1 X 1077 Mto5X 107" M cadmiﬁm. Using dialysis, centrifugation and electromigra-
tion techniques the.y attribu;ced the observed insolubilities to adsorption onto “impurities;’
in the experimental waters. The authors referred to these separable solids as pseudocolloids.
As the impurities were not characteﬁzed, little consideration was given to the experimental
results obtained. Results of centrifugation experiments are, however, presented ‘in Figure .
51 for two reasons: (1) they are in qualitative and quantitative agreement with experimen-
tal results obtained in this study, and (2) further investigation of these reported results
may provide the answer to questions raised in this section as to the removal mechanism(s)
for cadmium.

In support of the contention that more than one removal mechanism is responsible
for observed cadmium removals, the jar test data plotted in Figure 46 is considered. The
results, while not easily interpreted, do indicate that all the various surfaces considered

have a capacity to remove cadmium from solution.

Lead

The pH independent results observed appear to be a result of a combination of several
removal mechanisms. Again, the results of jar tests presented in Figure 48 suggest that all

of the surfaces investigated are capa‘ble of reducing lead concentrations.
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Figure 51. Cadmium removal as a result of pseudocolloid formation [56].
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Precipitation reactions may also contribute to the removals observed. However, the
evidence is qontradictory.

Coprecipitation of lead with coagulant floc is apparently significant and probably
accounts for the high removals observed at low pH. As discussed earlier, alum ﬂéc has a
greater affinity for lead than for cadmium.

It is likely that lead attaches to the sﬂica‘suspension and other colloidal particles pres-
eﬁt in the experimental water. The strong correlation between turbidity and lead removals
is the best evidence of this. Additionally, the jar tests show considerable adsorption onto
the M30 suspension.

The combination of coprecipitation with the coagulant and adsorption onto particu-
lates could account for the observed removals. Insolubility due to a precipitation reaction
could also account for observed removals. In either case the extent of lead removal would
be a function of the filter efficiency, and, thus, the strong correlation observed between

turbidity and lead removals.

Suggestions for Further Study
Additional research into two topics are encouraged as a result of this study.

Effect of Hardness on Turbidity Removal

This study identified hardness as an important parameter in providing excellént tur-
bidity removal at elevated pH, outside the thermodynamic boundary for aluminum. Infor-
mation such as minimum hardness concentrations required, nature of préc;ipitate formed,
contribution of alum, etc., would be useful. Practical applications could include designing
treatment facilities for cc;ncurrent turbidity and hardness removals. Possib}e savings in capi-

tal, chemical and operating costs can be envisioned.




115

Removal Mechanisms for Metals

More rigorous experimentation to unambiguously identify the predominant removal
mechanisms for metals used in this study and others would be useful design and/or opera-

tional information.
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