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(ABSTRACT) 

This study evaluated alternatives to continuously regenerated greensand 

for iron and manganese removal. Specific objectives were (1) to investigate the 

applicability for removing soluble manganese by adsorption and oxidation onto 

the surface of manganese oxide-coated media, and (2) to develop 

mathematical models to predict the removal of soluble manganese both in the 

presence and absence of free chlorine. 

Results from a pilot-scale experiment in Columbus, Indiana, showed that 

when the filters were operated in a conventional oxidant addition mode (i.e., 

with the addition of HOC! and KMnQOg) the anthracite-sand and anthracite-sand- 

garnet configurations both provided efficient treatment because of the reduced 

rate of head loss. Further experiments, without the use of KMnQg4 or greensand, 

equally removed manganese by adsorption and oxidation onto oxide-coated 

media; however, the treatment process resulted in reduced head loss and 

oxidant costs. 

Results from this study and other previous research demonstrated that 

manganese removal by oxide coatings is an efficient and functional treatment 

mechanism. However, little quantitative information was available to predict 

these processes. Therefore, mathematical models were developed to help



predict design and operational conditions needed to implement oxide-coated 

media as a treatment process. Two separate models were developed to predict 

(1) the continuous removal of soluble manganese in the presence of free 

chlorine (continuous regeneration model), and (2) the eventual breakthrough of 

soluble manganese without oxidant addition (intermittent regeneration model). 

Each model was derived from chemical reaction, mass balance, or isotherm 

equations and was further developed by a sensitivity analysis and parameter 

estimation. The two models were then verified by predicting manganese 

removal from independent research. 

The continuous regeneration model can help predict the removal of 

soluble manganese by adsorption and oxidation on the surface of oxide-coated 

media and is useful in the design of filters for continuous Mn(Il) removal. The 

intermittent regeneration model effectively predicts the performance of filters 

without the addition of an oxidant and is useful for treatment plants which 

cannot apply chlorine continuously to their filter applied water.
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CHAPTER 14 

INTRODUCTION 

lron and manganese are often found in groundwaters and hypolimnetic 

regions of reservoirs in concentrations exceeding secondary maximum 

contaminant levels. Iron is typically removed by chemical oxidation followed by 

solid-liquid separation. Manganese is also removed by this method, with the 

addition of stronger oxidants such as potassium permanganate, or by 

adsorption/oxidation onto manganese greensand. Generally, greensand filters 

are operated in a continuous regeneration mode with potassium permanganate 

added to the unfiltered water. This method allows the greensand to act as an 

oxidation buffer, alternatively removing excess soluble manganese or 

permanganate. 

Knocke et a/. (1988) showed efficient manganese removal with only the 

addition of free chlorine by filtration through naturally oxide-coated anthracite 

and sand from full-scale treatment facilities. They concluded that this “natural 

greensand’ effect is a viable treatment mechanism for soluble manganese 

removal. This treatment method includes potential benefits over either 

greensand or strong oxidant addition because of reduced head loss buildup 

from using larger media than greensand, reduced oxidant costs because of the 

elimination of potassium permanganate, and reduced solids loading due to the 

elimination of MnOx(s) formed by the reduction of permanganate and the 

oxidation of soluble Mni{Il). 

This thesis study evaluated alternatives to continuously regenerated 

greensand for iron and manganese removal. Studies were conducted both on



a laboratory-scale and at a full-scale treatment plant in Columbus, Indiana. 

Specific objectives were: 

1. to evaluate alternative media configurations for particulate iron and 

manganese removal that would increase the volume of water treated 

before metals breakthrough and decrease the rate of head loss 

accumulation; 

2. to investigate the applicability of removing soluble manganese [Mni(II)] 

by adsorption and oxidation onto the surface of oxide-coated media; 

and, 

3. to develop a mathematical model to predict (a) the removal of soluble 

manganese by adsorption/oxidation onto the surface of oxide coated 

media in the presence of free chlorine and (b) the exhaustion of the 

manganese adsorption capacity in the absence of free chlorine.



CHAPTER 2 

LITERATURE REVIEW 

Water Quality Concerns with Iron and Manganese 

The presence of iron and manganese negatively impacts the water 

quality of roughly 40 percent of the public water supplies in the United States 

(Stiles, 1979). Iron and manganese concentrations above the secondary 

maximum contaminant levels of 0.3 mg Fe/L and 0.05 mg Mn/L cause aesthetic 

problems such as discolored water, turbidity, stained laundry and plumbing 

fixtures, and an astringent or bitter taste. In addition, these metals may 

accelerate biological growth in the distribution system, further contributing to 

taste-and-odor problems (Trace Inorganic Substances Committee, 1987). 

lron and manganese may occur at high concentrations in groundwater 

and hypolimnetic regions of reservoirs. They are often present in groundwaters 

in concentrations exceeding the secondary maximum contaminant levels from 

the dissolution of iron and manganese from mineral sediments under conditions 

of low redox potential (anaerobic) and low pH. Iron and manganese are 

present also in the hypolimnetic regions of reservoirs for these same reasons; 

however, microbial and metal-organic interactions contribute significantly to 

their presence (Stumm and Morgan, 1981; Stone and Morgan, 1984). In rare 

cases, iron and manganese can be present at high concentrations in streams 

and rivers impacted by industrial wastes or acid mine drainage (Griffin, 1960).



Iron and Manganese Chemistry and Removal 

Presence of lron and Manganese 

Iron occurs in natural waters primarily in two oxidation states (II and III). 

The solubility of Fe(Il) in water is usually controlled by the presence of 

carbonate (CQO32-) and the formation of ferrous carbonate (FeCO3(s}). 

Occasionally in waters with very low alkalinity, the solubility of Fe(II) is 

controlled by ferrous hydroxide (Fe(OQH)2(s)) (Stumm and Morgan, 1981). The 

concentration of iron in solution is also affected by the presence of metal- 

organic complexes; when large quantities of humic or tannic acids are present, 

the solubility of iron may be many times greater than predicted by the solubility 

product of ferrous hydroxide or ferrous carbonate (Theis and Singer, 1974; 

Waite et a/., 1988) 

Manganese also occurs in two primary oxidation states in natural waters 

(I1 and IV), and the solubility of Mn(I!) is controlled by the presence of carbonate 

(Morgan, 1967). Potassium permanganate, with a manganese oxidation state 

of VII, is frequently added to oxidize soluble manganese; therefore, its 

chemistry must be considered also. Similar to iron, manganese precipitates 

can be affected by the formation of metal-organic complexes (Montgomery, 

1985). 

Oxidation of Iron and Manganese 

Most traditional methods for controlling iron and manganese include the 

oxidation of soluble Fe(II) and Mn(II) into their much less soluble forms, Fe(III) 

and Mn(IV). These forms readily precipitate and then are removed by standard 

solid-liquid separation techniques such as coagulation, sedimentation, and



filtration. In general, manganese is more difficult to remove from water than iron 

because of its slower oxidation rate (Stumm and Morgan, 1981) and its 

tendency to form colloidal solids when rapidly oxidized (Morgan and Stumm, 

1964). These colloidal solids may not be removed satisfactorily by filtration 

without coagulation. Many researchers have investigated the oxidation of Fe(II) 

and MniIl) and some of their observations are summarized in Table 1 and 2. 

Soluble Manganese Removal Using Greensand 

Another common method for removing iron and manganese from raw 

water supplies is filtration through manganese greensand. Manganese 

greensand is produced from the mineral glauconite by repeated treatments of 

manganous sulfate and potassium permanganate (Griffin, 1960). After it is 

processed, greensand contains significant amounts of MnO, s) on the surface [3 

- 4mg Mn/g media; Hungate (1988)]. This manganese oxide coating can then 

sorb soluble manganese (Wilmarth, 1968). In addition, the greensand operates 

as a conventional filter medium, removing particulate iron and manganese. 

However, since greensand has a smail effective size (0.3 mm), head loss may 

be rapid. 

Without the continuous addition of an oxidant to regenerate the MnOx(s) 

adsorption sites, soluble manganese eventually breaks through, and the filter 

becomes exhausted. The normal capacity of a greensand filter is about 0.09 Ib 

of soluble manganese per cubic foot of filter media (Wilmarth, 1968). Once the 

filter is exhausted, it must be regenerated by the addition of a strong oxidant. 

This addition oxidizes the sorbed manganese, further increasing the total oxide 

coating present. The oxidant is added either continuously (continuous



 
 

F
O
U
N
 

 
 

 
 

 
 

 
 

  

[|)@4 
6w 

(O66L) 
72 38 

eyYOOUY 
« 

0's 
Hd 

eroge 
e
u
r
e
 

Ba 
b6'0| 

.HS+ 
(Sequpy 

+ 
(
)
E
(
H
O
)
e
4
E
 

sreueb 

(L961) 1ep!ON 
ayes UOHEPIXO 

pides Alan 
« 

= 
OH 

£ + -FOUW + +284 € | unisseod 

I
O
O
H
 

(O661) 
72 18 

BYDOUH 
« 

(ide 
B
u
 
Zv0 

(s)e 
3 

I
D
O
H
 

B
w
 

+
H
G
+
4
I
O
+
 

(
H
O
)
 

d
e
 

Q
U
O
D
 

(1961) 
lsp:0N 

+ | 
O'S 

Hd 
eAoge 

UOREpIxo 
pide 

- 
* 
OHS 

+IOOH+ 
+2942] 

ay 

(8961) 
7278 

UOSUIqoY 
- 

soiue6so 
jo 

aouesaid 
(ye4 

6w 
Hp 

+ 
SIE(HO)ed 

z 
5 

° 
, 

+ 
(5e)z 

(2Z6L) 
YSoyd 

pue 
ulgor 

« 
Ul 

eyes 
YoIWeet 

Psonpal 
(1265 

Bw 
vlLO! 

4 
O%H 

G
4
2
 
e
+
 

42042 
0 

(1961) 
eo7 

pue 
wuuMs 

-| 
OZ 

Hd 
sAOgeE 

UONEpIXO 
pides 

« 
usBAxo 

pasn 
S@0UdIOJaY 

s}UsWLUOD 
Ayawolyoioys 

uoloeay 
UOHepIxO 

JUBPIXO 

  
  

  
  

 
 

S
P
O
U
J
S
W
 
UONHEPIXO 

Uo] 
JO 

AWEWLUNS 
“| 

BIqeL  



 
 

43} 
0} 

Bulpeo| 
SPI|OS 

0} 
SayNquyUOD 

YOIUM 

 
 

 
 

 
 

 
 

  

(L261) 
40UU09,0 

« 
(S)ZQuyy 

(eUOHIPPe 
SUUOY 

« 
Y
O
U
N
 

(S961) 
Swepy 

- 
I
D
U
I
N
 
But 

ZBL 
H
p
 
+(SleQuyw 

s 
eyeue6 

0'6-S°S 
Hd 

|"OUWY 
bu 

2 
* 

b 
-uewed 

(2961) 
7238 

eyouy 
«| 

UBEMjJaq 
ayes 

UOTEPIXO 
pides 

-« 
 
O
°
H
e
 

+ 
-
"
O
U
W
 

¢ 
+ 

+ZU¥INE | 
wuinissejod 

($261) 
Aqseaip 

« 
SBLUI} 

JOBJUOS 
JOOH 

Huo| 
U
M
 
UBOU0D 

UONBUWJO} 
WHI 

« 
(8861) 

72 38 
ExYD0Uy4 

« 
I
O
O
H
 

(S)@Quy 
jo 

aouasaid 
(I)UW) 

bu 
(VE61) 

PuoM 
« 

ul 
pazAjeyeo 

uonoeel 
«| 

IOOH 
bw 

260 
+
H
E
+
4
1
O
+
F
2
0
Q
U
N
 

| 
guuojyo 

(9r61) 
= 

0°H 
+
I
O
O
H
+
+
2
U
N
|
 

aay 
reQoyy 

pue 
sprempy 

«| 
8 

Hd 
MOjaq 

a}e1 
UONOBAI 

MOIS 

+H2 
+ SICQUW 

Z 
= 

OCH 
+ 
2
0
%
 

4+ 
(Sl2Qupje, 

sup} 
*? 

(LZ6L) 
49UU0D,0 

« 
S’6 

Hd 
+ 

{ 
+
N
]
 

Mojaq 
aye1 

UOHORAas 
Mos 

AUBA 
«| 

= 
(UOORaL 

5 
(S261) 

o1Ajeyeoojne) 
{(SJ2@Quyje,zUW 

} 
(be)2m 

U
B
D
I
O
W
 

puke 
H
o
I
S
S
O
Y
 

eo 
(
(
S
l
e
Q
u
y
 

o> 
(s)z 

. 

yo6t) 
‘ysAyeyeO 

UMO 
S}I 

SE}eE910 
e@uou 

O
U
 

+ 
+24N 

9) 
UaB Axo 

GiOW 
uoIORes 

BU} 
asNneoaq 

ew} 
mens 

Pe 
enon 

UJIM 
SaseasOU! 

ayes 
UONORAL 

+H2 
+ Z
u
 

(p96) 
ueBioy, 

« 
“9'l) 

uoNOval 
ONATE}EDO}NY 

« 
+ 

OCH 
+ COS, 

+ +2UW 
*® 

pasn 
Se0uasejay 

s}UsLUWWOD 
Ayawoiysio}s 

uolPRay 
UOHeEpIXO 

JUEPIXO 

  
    

  
 
 

SpouJeWy 
UOHepPIXO 

sseuReBueEyy 
jo 

Arewuuns 
‘zg aiqe  



regeneration) or periodically (intermittent regeneration). Usually, either 

potassium permanganate or free chlorine is used for the regeneration of the 

greensand (Sayell and Davis, 1975; Wong, 1984). Detailed discussions of the 

regeneration process are provided by Hungate (1988) and Occiano (1988). 

In summary, greensand filters contain a moderate amount of MnO x(s) 

surface coating, and this coating can then adsorb MniIl). Eventually, the sorbed 

Mnill) must be oxidized or the removal capacity of the filter is exhausted. The 

following section describes the sorption process in more detail . 

lon Exchange/Sorption of Soluble Manganese 

In contrast to the stoichiometric oxygenation of iron, Morgan (1964) 

concluded that a different mechanism controlled the oxygenation of soluble 

manganese. He suggested the following sequence of reactions to describe the 

process: 

siow 

Mn2++ 1/902 +H2O — MnOgs)+ 2 Ht (1) 

fast 

Mn2* + MnOa{s) ~ Mn2*eMnQOv{s) (2) 

very slow 

Mn2*eMnOa(s) + 1/2 O2 +H20 — 2 MnOa(s) + 2 Ht (3) 

This set of reactions includes sorption of soluble manganese directly onto 

MnOa(s) (Eq. 2) and the slow oxidation of that sorbed Mn(II) (Eq. 3). Since the 

oxygenation of sorbed manganese was extremely slow, more manganese was 

removed from solution than could be accounted for by oxidation alone. 

Therefore, the manganese oxidation was considered nonstoichiometric.



Morgan (1964) proposed the following model to describe the overall 

removal of manganese: 

_dIMn*] _ 
dt ky [Mne*] + kf Mr?*] [ MnO] (4) 

where kj and ko represented, respectively, the oxidation and adsorption 

removal rate constants. The reaction was termed “autocatalytic” because the 

Mni(ll) removal rate increased as the reaction progressed. This increase 

resulted from the formation of MnOas) which could then remove more Mni(il). 

Morgan’s (1964) research provided a foundation for additional research 

into the removal of Mn(Il) from solution. His later research demonstrated this 

phenomenon in more detail (Morgan and Stumm, 1964; Morgan, 1967; 

Kessick and Morgan, 1975; Pankow and Morgan, 1981). However, during this 

research, he only considered batch adsorption of Mn(II) onto colloidal MnO2(s). 

in a heterogeneous solution. Later, others began to attribute Mn(!!) removal to 

sorption onto MnQOas) which was coated on the surface of water treatment plant 

filter media (Nakanishi, 1967; Cleasby, 1975; Hem, 1980; Lloyd et a/., 1983; 

Trace Inorganic Substances Committee, 1987; Knocke et a/., 1988; Hungate, 

1988; and Occiano, 1988). 

The coupling of Morgan’s research to practical observations at water 

treatment plants was pivotal in the understanding of manganese removal by 

oxide-coated filter media. For example, Edwards and McCail (1946) noted that 

manganese oxide coatings on sand filters catalyzed the removal of manganese 

in the filter bed, especially with the addition of chlorine. Others also noted the 

importance of a “seasoning” or “aging” of the filter media for manganese
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removal (Griffin, 1960; Weng et a/., 1986); however, no quantitative information 

on the effect of the MnOQ2(s5) coating was proposed. 

Nakanishi (1967) was probably the first researcher to incorporate 

Morgan's results to characterize and predict soluble manganese removal 

through a filter bed coated with MnOg(s). Unfortunately, his results were not well 

known until this present thesis study because they were not previously 

translated from Japanese. Knocke et a/. (1988) studied the “natural greensand” 

effect of oxide-coated media and determined it was an efficient Mn(Il) removal 

mechanism. He showed that the removal efficiency was affected by the surface 

MnO x(s) concentration, its oxidation state, and the applied water pH. 

Although MnOa(s) was shown to have a large sorption capacity for Mn(II) 

[approximately 0.5 mole Mn(Il) sorbed per mole MnOgs) at pH 7.5; Morgan 

(1964)] in Eq. 3, the oxidation of the sorbed MniII) was very slow; therefore, the 

total adsorption capacity of the MnOg(s) was quickly exhausted. Several 

researchers noted, however, that free chlorine could oxidize the sorbed Mni(II) 

much more quickly than oxygen (Nakanishi, 1967; Knocke ef a/., 1988; 

Hungate, 1988; Occiano, 1988). Knocke et a/. (1988) demonstrated the utility 

of using free chlorine to regenerate the sorption sites filled by Mn(ll). The 

oxidation of the sorbed MniII) was so rapid, in fact, that continuous regeneration 

of the sites was possible with continuous chlorine addition in a bed of MnQa{s)- 

coated filter media. 

Modeling of Manganese Adsorption/Oxidation: 

Very little previous research modeled the removal of manganese in 

oxide-coated filter media. The original model for manganese oxidation was
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proposed by Morgan (1964) but applied only to batch experiments with colloidal 

MnOx (sg) in a heterogeneous suspension. Nakanishi (1967) provided the first 

known model for manganese removal through a filter bed with the continuous 

addition of free chlorine to regenerate the adsorption sites. Hungate (1988) 

proposed a model to predict the breakthrough of soluble manganese without 

media regeneration. Hungate’s model, unfortunately, could not predict the 

expanding wavefront for Mn(Il) removal seen in his experiments.



CHAPTER 3 

THEORETICAL MODEL DEVELOPMENT 

For the design and operation of soluble manganese removal plants, one 

must understand the quantitative relationships between the Mn(II) concentration 

in the unfiltered water, oxidant concentration, total adsorption capacity of the 

media, hydraulic loading rate (HLR), and effluent manganese concentration. If 

continuous regeneration of the media is not possible, the Mn(II) breakthrough 

pattern must be understood to determine the required media regeneration 

frequency. This chapter describes the development of two separate models to 

address these design and operation criteria. 

Continuous Regeneration Model 

Knocke et a/. (1988), Hungate (1988), Occiano (1988), and Nakanishi 

(1967) investigated continuous removal of soluble manganese from raw water. 

Nakanishi developed a Mni(il) removal technique using manganese oxide- 

coated sand in Japan as a modification of conventional treatment methods such 

as greensand. Nakanishi’s method used a MnQOga(s)-coated sand bed with free 

chlorine as the regenerant. Nakanishi’s work was translated from Japanese for 

this thesis study and a modified version of his model derivation follows. 

Development of Equations 

First, consider a plug-flow filter bed containing a manganese oxide- 

coated media. If a portion of the MnOg(s) coating on the filter media reacts with 

12
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the OH- ion and becomes MnO(OH)a(s), its reaction with Mn(Il) can be 

expressed as follows: 

K4 
Mn2* + MnO(OH)ais) < MnO2MnO(.) + 2H* 6) 

ko 

Alternatively, oxidation of the sorbed Mni(Il) by HOCI is: 

kg 
MnO2MnQs) + HOC] = 2 MnOas) + H* + Cl (6) 

k4 

A mass balance of Mni(II) in the filter bed gives: 

    
2+ 2+ 

ee ea (7) 

where: 

Mn2* = MniIl) concentration (™°/L) at depth z and time t 

Ss = amount of Mn(II) per liter of media adsorbed at depth z 

accumulated until time t (™°!/L-bed volume) 

u = apparent filtration velocity = hydraulic loading rate/porosity 

(iN/min) 

& = media porosity 

z = bed depth (in) 

t = time (min) 

Solution of Equations 

Adsorption of Mn(II) onto oxide-coated media and the oxidation of the 

sorbed manganese are heterogeneous reactions between the solid phase and 

solution. The reactions occur only on the media surface. If this surface reaction
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limits the entire reaction, the rate of Mn(II) sorption onto coated media, ds/dt, can 

be expressed as follows: 

SS = ky IMn?*] (50 - 8) ~ kes IH'P «) 

where: 

So = total Mn(II) adsorption capacity of oxide-coated media (™o°l/L- 

bed volume) 

s' = amount of manganese-manganite (MnO2zMnQ\s)) in one liter of 

oxide-coated media at depth z and time t (™°!/L-bed volume) 

k1, ko = rate constants (L/mol*min and L2/mol2*min, respectively) 

In the presence of an oxidant, the reduction of MnOa(s) does not occur (i.e., ky = 

0 in Eq. 6) and the oxidation by free chlorine is irreversible. The total mass 

transfer of MnOzMnQs) can then be expressed by three terms: (1) the addition 

due to sorption onto MnO(OH)s, ki [Mn2*] (so - s’); (2) the removal due to 

desorption from MnOzMnQjs), -ke s’ [H*F; and (3) the removal due to oxidation 

by free chlorine, -k3 s’ [HOCI]. Therefore, Eq. 9 is obtained. 

oS = ky [Mn?*] (50 - 8) ~ ke 8 (HF kg 8 [HOC 9) 

where: 

H* = concentration of H+ at depth z and time t (™°Y/L) 

HOCI = free chlorine concentration (as Clo) at depth z and time t (™°!/L) 

In the case of steady state (i.e., ds’/et = 0) Eq. 10 is derived from Eq. 9 by 

algebraic manipulation:
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- Ky [Mr?*] So 

ky [Mn**] + kp [H*F + ks [HOCI] (10) 
  

When Eq. 10 is substituted into Eq. 8, Eq. 11 is obtained. 

s— __ ki Kg [Mn**] [HOCI] s 

dt k, [Mn?*] + kp [H*P + kg [HOCI] (11) 

a.
 |   

The pH negligibly changes within the bed. Accordingly, kz [H*F is a constant. 

The chlorine concentration remaining at any depth can be stoichiometrically 

calculated based on Eq. 12 from the amount of Mn(II) oxidized between depth 0 

and depth z. 

[HOC!] = [HOCIL, - { [Mn?*,] - [Mn?*] } (12) 

where: 

[HOCI], = free chlorine (as Clo) in the unfiltered water (™°!/L) 

[Mn2+], = Mniil) in the unfiltered water (™°!_) 

By the substitution of Eq. 12, Eq. 11 becomes a function of only one variable, 

[Mn2*], in Eq. 13: 

ds — {ki ka Mn@*] {[HOCIL - [Mn@*)} ki ks Mr?" } so 
dt [ky +kg] [Mn?*] + kp [H*P + kg { [HOCIL, - [Mn?*]} (13) 

  

In the case of steady state (A[Mn2*]ot = 0), Eq. 7 gives Eq. 14: 

d[Mn?*] _ ds 
edz at (14) 
  

Eq. 14 is solved by substituting Eq. 13 and integrating using the boundary 

condition [Mn2*+] = [Mn2+}], at z=0. This provides the solution for the two kinetic 

equations (Eq. 5 and Eq. 6) and the mass balance equation (Eq. 7). The 

solution is:
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[HOCI], 
Uo Ky s[Mr@*] Kas [HOC], - {[Mn2*], - [Mn2*]} 

      

    

[Mre*]  [HOCIL - {IMn2*} -[Mr2*}}{ (15) 
+ ko [H*F (in Mn") _ in [HOCII, \ 

ky kg {IHOCIL - [Mn**]} 

Eq. 15 shows a relationship between the Mni(Il) concentrations in the 

water before and after filtration in relation to the hydraulic loading rate (HLR), 

media depth, total adsorption capacity of the oxide-coated media, free chlorine 

concentration in the unfiltered water, and pH. 

Comparison of Nakanishi Theory to Results from Morgan and Stumm 

The ion exchange reaction (Eq. 5) provided the basis for Nakanishi’s 

model. The equation, repeated below, shows that two moles of hydrogen ions 

are liberated with every mole of manganese adsorbed onto the MnO(OH)aj{s): 

ky 
Mn2+ + MnO(OH)a(s) <- MnOgMnQs) + 2 Ht (5) 

k2 

Experimental results from Morgan and Stumm (1964), however, indicated that 

the reaction does not occur to this extent. In fact, they stated: 

“It is apparent that a simple exchange in equivalent proportions, 

i.e., 2 moles of H* per more of Mn2*, does not take place under the 

conditions of the experiments. This results partially because other 

cations in the system (Nat, K*) can also be exchanged for Mn2*.” 

Morgan and Stumm (1964) suggested a reaction order with respect to pH 

of less than two. For batch experiments in the presence of 43 ™9/L MnQa(s), 

only 1.3 moles of hydrogen ions were released per mole of Mn(Il) sorbed;
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therefore, the exponent on the hydrogen ion in Eq. 15 would be 1.3 instead of 

2.0. Correspondingly, the reaction rate constants k; and kg would differ from 

Nakanishi’s in both units and magnitude. 

The significance of the differences in Nakanishi’s and Morgan's theories 

should be considered in the implementation and application of the model. In 

Chapter 5, a sensitivity analysis of the Nakanishi model provides further insight 

into the effect of pH variations. In addition, the comparison of model predictions 

to experimental results obtained by Occiano (1988) and Hungate (1988) show 

effects of pH on the removal of manganese. 

The pH effects on the continuous adsorption model were consolidated 

into one term of Eq. 15. As a result, Nakanishi defined the total adsorption 

capacity functionally as follows: A solution with a Mn(Il) concentration of 100 

mg/L at pH 7.5 was continuously circulated through a column containing one 

liter of oxide-coated media. When the solution concentration stabilized, the 

amount of manganese removed was expressed as mol per liter of media, thus 

giving the total capacity. Therefore, no change in the total adsorption capacity 

was attributed to a change in pH. Nakanishi approached the concept of total 

adsorption capacity differently than other researchers and the distinction must 

be noted. 

The impact of pH on the system of reactions is seen in Eq. 5. As the pH 

increases, the reaction shifts to the right, and more MniII) sorbs onto the oxide- 

coated media; as the pH decreases, less Mn(I!) sorbs onto the media. This 

effect was noted by other researchers. For example, Figure 1 from Morgan 

(1964), showed an increasing amount of Mn(il) adsorbed onto colloidal MnOz(s) 

as the solution pH increases. Hungate (1988) also showed that manganese
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Figure 1. Influence of pH on Sorption of MniIl) onto MnQo2 at 25° C (from 
Morgan (1964)) .



19 

oxide coatings on filtration plant media responded similarly to changes in pH of 

the filter applied water. 

Intermittent Regeneration Model 

Hungate (1988) investigated the removal of soluble manganese without 

the continuous addition of free chlorine (intermittent regeneration). He 

achieved limited success in adapting a model for the adsorption of soluble 

manganese onto oxide-coated anthracite. Hungate’s model assumed a 

constant pattern behavior (favorable isotherm) for the adsorption process, and, 

as a result, it could not be used to predict a broadening of the mass transfer 

zone for manganese removal. The favorable isotherm assumption is widely 

used in the simulation and design of adsorption models, particularly the 

adsorption of organic compounds onto activated carbon. In order to model the 

adsorption of Mn(Il) onto oxide-coated media, therefore, a semi-empirical mode! 

incorporating a linear isotherm was chosen from Ruthven (1984). The solution 

to the linear isotherm equations was solved by Thomas (1944) and is known as 

the Thomas solution. 

Development of Equations 

The linear adsorption model is based on a mass balance of manganese in the 

filter: 

  

y OlMn*] , o[Mn*] , 1-€ oq =0 
oz ot —€ ot (16) 

where: 

oq/ot = mass transfer rate between solution and media (mol/(L*min))
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z = depth (m) 

hydraulic loading rate (m/min) u 

& porosity 

In addition to a mass balance equation, the linear adsorption isotherm is 

represented by: 

oq _ +) Nar * k K ([Mn?*} - [Mn’]) 17) 

where: 

kK 

K 

tt rate constant (1/min) 

constant (dimensionless) 

[Mn2+]= Mn(Il) concentration in solution (mol/L) 

[Mn"] = Mni(Il) concentration in sorbed phase (mol/L) 

This model is subject to the following boundary values and initial conditions: 

(1) constant MniIl) concentration ({Mn2+t],) for all time at z =0 

(2) no MniII) in sorbed phase ([Mn‘] = 0) for all depth at t = 0 

Solution of Equations 

The solution of the mass balance and linear isotherm equations are: 

Mil = 4 erte WE = - AVE - Ae) 

  

[Mn2*}, 2 (18) 

where 

gE = Khz(ts (19) 
and: 

tT = k(t-2) (20)
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- This model is useful for predicting the breakthrough of Mn(II) during 

adsorption onto oxide-coated media. Note that pH does not appear explicitly in 

this model. Instead, the model incorporates the effects of pH into the 

parameters k and K; therefore, the parameters k and K must be estimated from 

a bench- or pilot-scale experiment conducted at pH conditions similar to those 

to be found in the scale-up process.



CHAPTER 4 

EXPERIMENTAL METHODS AND MATERIALS 

Experimental Design 

The experimental portion of this thesis contains two major sections. First, 

several media configurations were tested to determine which provided the best 

quality effluent with respect to soluble and particulate iron and manganese 

while the rate of head loss was minimized. (These are referred to as the “media 

configuration” experiments.) Second, the removal of manganese by adsorption 

and oxidation onto the surface of oxide-coated filter media was investigated as 

an alternative manganese control strategy. (These studies are referred to as the 

“adsorption/oxidation” experiments.) 

A continuous-flow, pilot-scale filtration apparatus was constructed to 

investigate these issues. A sketch of the experimental setup is shown in Figure 

2. Three main components comprised the system: the detention tank, the 

reaction chamber, and the filters. The Plexiglas detention tank provided a 

constant-head feed for the experiment and held 16.8 gallons; this volume 

corresponded to a detention time between 4.25 and 17 minutes, depending 

upon the system flow rate. The hydraulic loading applied to each filter ranged 

from 2 to 6 9P™/ft2. The raw water entered the detention tank below the water 

surface to minimize oxygen transfer into the raw water. As a result, an average 

of less than 1 percent of the manganese and 2.3 percent of the iron in the raw 

water oxidized in the detention tank. 

The reaction chamber (Figure 3) design was similar to that of Columbus 

City Utilities Water Plant No. 1. The design incorporated five baffles with 
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openings on alternating sides. The baffles reduced short circuiting within the 

reaction chamber. The reaction chamber held 11.2 gallons; this volume 

corresponded to a detention time between 2.8 and 11.3 minutes depending 

upon the system flow rate. This detention time allowed complete oxidation of 

Fe2+ and Mn?@* in the presence of both chlorine and KMnOq . 

The reaction chamber then fed four filters. Four outlets mounted at the 

same height on the reaction chamber promoted equal flow to the filters. Valves 

on each of the filter feed-lines provided fine-tuning control of the flow to the 

filters. The filters were constructed of 5.5-inch (inside diameter) clear, Plexiglas 

tubes with 1/4-inch wall thickness. The nominal filter height was 9 feet. A valve 

on the effluent line of each filter individually controlled the flow. To maintain 

consistency with the filter design at Water Plant No. 1, the filter effluent lines 

were not raised above the filter media level. This design did not prevent the 

possibility of air entrapment in the filters, but during the course of the study air- 

binding was never encountered. Figure 4 shows a more detailed view of a filter. 

Brass nipple fittings were mounted every six inches along the entire filter length. 

These openings allowed both the determination of head loss (by use of a 

manometer board) and the collection of water samples throughout the media 

depth. Typically, three head loss measurements were recorded throughout the 

depth of the filter. The head loss was calculated as the difference between the 

pressure head (height of water in the manometer column) at a port in the media 

and the pressure head of the standing water in the filter.
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Media Configuration and Characterization 

Media depths were selected to be representative of traditional iron- and 

manganese-removal systems. The media configurations in each filter are listed 

in Table 3, and a sketch of the filters is shown in Figure 5. Even though only 

four filters were constructed, five different media configurations were 

investigated by changing the media in one filter partway through the study. 

Table 3 also shows the effective size and uniformity coefficient for the media. 

The effective size is defined as the particle size for which 10 percent of the 

media (by weight) is smaller. The uniformity coefficient is defined as the ratio of 

the 60 percent particle size to the 10 percent particle size. The effective size 

and uniformity coefficient were determined by Seico Engineers of Columbus, 

Indiana. 

At the bottom of each filter, three, two-inch layers of gravel were placed to 

support the media. The layered gravel sizes were 1/2 - 1/4 inch, 1/4 - 1/g inch 

and 1/g inch - #12 mesh. The Unifilt Corporation of Zelienople, Pennsylvania 

supplied the gravel. 

The following media were used in selected filters: (1) virgin [new] 

anthracite, (2) virgin sand, (3) greensand, (4) garnet, (5) oxide pre-coated sand, 

(6) oxide pre-coated anthracite, and (7) a mixture of sand and anthracite from 

Water Plant No. 2 in Columbus, Indiana. The virgin anthracite, virgin sand, 

greensand, and garnet were obtained from the Unifilt Corporation. The pre- 

coated anthracite and pre-coated sand were obtained from the General Filter 

Company of Ames, lowa. To obtain the media from Water Plant No. 2, one filter 

cell was drained below the media surface and about 0.5 ft® of media was 

scraped from the top few inches of the filter. Water Plant No. 2 was used as the
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Table 3. Media Configurations, Effective Sizes, and Uniformity Coefficients 
Used in the Pilot-Plant Study 

  

  

  

  

  

  

  

  

  

    

Media Configurations (inches) 
Filter No. Gravel Garnet Greensand Sand Anthracite 

| 
(anthracite- 6 0 0 12 18 

sand) 

il 
(anthracite- 6 0 12 0 18 
greensand) 

II 
(tri-media) 6 3 0 6 21 

IV 
(precoated 6 0 0 14° 20° 
anthracite- 

sand) 

V 
(Water 

Plant #2 6 0 0 10° 24t 
anthracite- 

sand) 

Effective 

Size (mm) - 0.25 0.30 0.50 0.95 

Uniformity 
Coefficient —- 2.0 1.8 1.5 1.6             

Note: * = precoated media 
t = media from Columbus City Utilities Water Plant No. 2 
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source because the media at Water Plant No. 1 contained predominantly 

greensand. 

Once the media was placed in a filter, it was backwashed twice for fifteen 

minutes each at greater than 50 percent bed expansion. These washings 

removed any fines from the new filter media. Clean-bed, hydraulic-loading 

profiles were obtained by recording head losses at several hydraulic loadings 

for each filter. The hydraulic loadings ranged from 2.0 to 7.1 9P™/ft2. 

The amount of surface oxide coating on the media was quantified by 

application of a hydroxylamine sulfate (HAS) extraction procedure. Specific 

media which were extracted included samples of the pre-coated media, 

samples from the Water Plant No. 2 media, and a sample of anthracite coal from 

Filter Ill at the end of the pilot-plant study. The extraction procedure follows: 

A 4.00 g media sample was placed into a 125 mL polyethylene bottle. A 

100-mL volume of 0.5 percent HNO3 was then added to provide the necessary 

acidic conditions for the extraction. An excess amount of HAS (approximately 

1.0 g HAS) was then added to the bottle. The bottle was sealed and 

periodically shaken for two hours. The reaction between the oxide coating and 

the HAS reduced and dissolved the manganese on the filter media surface. 

After the extraction, 10 mL of the extracted liquid were filtered through a 0.2 um 

Gelman membrane filter to remove any particulate matter. The filtrate 

manganese concentration was then analyzed with a Perkin-Elmer atomic 

absorption spectrophotometer. 

The total amount of manganese on the media surface was determined 

from the following equation:
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EMC = (V)(C) (21) 
Msamp 

where: 

EMC = extractable manganese concentration, (™g Mn)/(g media) 

V = volume of acid added to flask, L 

C Mn concentration in acid solution after HAS addition, ™9/L 

Msamp = mass of media sample extracted, g 

Chemical Addition System 

Chemicals were injected between the detention tank and the reaction 

chamber at two locations 34 inches apart along a '/s-inch PVC pipe. Because 

of the short distance and small pipe diameter, virtually no lag time existed 

between the addition of the two chemicals. For example, the time lag was 1.3 

seconds when four filters were operating at 2 9P™/ft2. 

A Cole-Palmer dual-head diaphragm pump provided a constant flow 

rate of chemicals from two 20-L carboys. The flow rate for each side of the 

pump was Set at 10 ™/min for each experiment. The pump rates were checked 

periodically and did not vary more than five percent. The chemical dosages 

during each experiment were varied by adjusting the concentration of the stock 

solutions within the carboys, thus eliminating the need to change the chemical- 

feed pump rates for each experiment. 

During the media configuration experiments, the only chemicals added to 

the system were sodium hypochlorite and potassium permanganate. The 

chlorine stock solution was prepared by adding a 10.0 percent (as Clo) sodium 

hypochlorite solution to demineralized water in one of the 20-L carboys.
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Demineralized water was used because hardness in the Columbus tap water 

formed a precipitate in the presence of high sodium hypochlorite 

concentrations. The potassium permanganate solution was prepared by 

adding a concentrated solution of free-flowing grade KMnQ4 to a second 

carboy containing tap water. Free-flowing grade KMnQg4 contains 

approximately ninety percent KMnQg and ten percent inert ingredients. 

The KMnQq was added stoichiometrically to oxidize the manganese 

from Mn2+* to Mn4* in a ratio of 1.92 mg KMnOq per mg Mn2*. The specific 

equation for Mn@+ oxidation by KMnOzg is: 

3Mn2* + 2MnO4g + 2H2Q0 — 5MnOagqis5) + 4H* (22) 

The chlorine was added stoichiometrically to oxidize the iron from Fe2* to Fest 

in a ratio of 0.47 mg HOC! per mg of Fe2*. The specific equation for Fe2+ 

oxidation by HOC! is: 

2 Fee+ + HOC] + 5H20 — 2 Fe(OH)a5) + Cr +5 H* (23) 

An additional amount of chlorine was added to insure a residual of 1.0 to 1.5 

mg/L as Clo in the filter effluent. 

Raw Water Supply 

For the media configuration experiments, the raw water supply was 

obtained by tapping into the main raw water line of Water Plant No. 1 prior to 

any chemical addition. To ensure a flow of fresh, raw water, the pilot-plant 

filtration system operated only when raw water flowed through the main. The 

flow was regulated and measured with two valves and a standard residential 

water meter. Approximately 75 ft. of 1/2-inch PVC pipe brought the water from 

the raw water main to the pilot-plant. The raw water then flowed into the
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constant-head, detention tank. Typical chemical characteristics of the raw water 

are summarized in Table 4. 

For the adsorption/oxidation experiments, the water supply was taken 

from the finished water line at Water Plant No. 1. For the column exhaustion 

experiments, the finished water was dechlorinated by the addition of a sodium 

thiosulfate (Na2S203) solution in a stoichiometric ratio of 4.46 mg Na2Se03 per 

mg of free chlorine. Finished water was used instead of raw water to prevent 

limited filter-run time due to the accumulation of iron oxide precipitates in the 

media. Manganese was then added from a manganous sulfate stock solution 

with the diaphragm pump. Typical chemical characteristics of the finished water 

before the addition of Na2S203 and manganese are summarized in Table 4. 

Filter Run Procedures: Media Configuration Experiments 

The following describe the procedure for the experiments designed to 

investigate the optimal media configuration for iron and manganese removal: 

1. Each of the filters containing greensand or oxide-coated media were fully 

oxidized (charged) with a concentrated solution of KMnO4. Originally, 

the filters were charged using the manufacturer's recommendation of 2-3 

0z. KMnOa/ft3 of media during a 30 minute contact time. Dry KMnO«4 was 

added to the reaction chamber where it dissolved and flowed through the 

filters. Later, the filters were charged with KMnQgq until the influent and 

effluent color of the permanganate solution appeared nearly the same 

intensity.



  

Table 4. Average Suppy Water Characteristics at Columbus City Utilities Water 
Plant #1 (June, 1989) 

  
Component 

  

  

  

  

  

  

  

Units Raw Water Finished Water 

iron mg/L 1.39 0.15 

manganese mg/L 0.20 0.024 

hardness mg/L as CaCO3 382 395 

alkalinity mg/L as CaCO3 292 281 

pH - 7.4 7.4 

fluoride mg/L _- 0.87 

total chlorine mg/L as Clo - 0.86       
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2. The filters were backwashed to at least 50 percent expansion for 10-15 

minutes. The backwash flow was then slowly reduced for 3-4 minutes to 

allow proper settling and separation of the media. 

3. The raw water feed to the filters was started without any chemical addition 

until equilibrium was approached in all of the filters. This often entailed 

fine-tuning of both the influent and effluent valves for the filters. 

Equilibrium was defined to be when the head losses through the filters 

changed very slowly relative to each other and the standing water level 

in all filters was nearly constant. Values of initial head loss and flow rate 

were then recorded for each filter. 

4. Chemical addition was then started to the reaction chamber. The 

chemicals were previously mixed in the 20-L carboys according to the 

procedure in the Chemical Addition System section. The chemicals used 

in these experiments were HOCI and KMnQq4. In some experiments, only 

chlorine was applied so that a comparison could be made between its 

iron and manganese removal performance with removal by a 

combination of chlorine and permanganate. 

5. The following parameters were measured every 1-4 hours (depending on 

the hydraulic loading) during the entire filter run: head loss, flow rate, 

detention tank Fe and Mn concentration (total and soluble), reaction 

chamber Fe and Mn concentration (total and soluble), filter effluent Fe 

and Mn (total and soluble), and effluent chlorine residual. Less 

frequently measured parameters included solution pH and temperature.
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6. The experiments continued unti! iron and manganese oxides broke 

through the filter. The filter runs typically lasted from 8-24 hours, 

depending on the hydraulic loading conditions used in a particular study. 

Filter Run Procedures: Adsorption/Oxidation Experiments 

The adsorption/oxidation experiments were subdivided into two 

categories: continuous regeneration and column exhaustion. The continuous 

regeneration experiments determined the manganese removal profile due to 

adsorption and oxidation onto the filter media oxide coatings in the presence of 

free chlorine. The chlorine continually regenerated the manganese oxide 

coating on the filter media, thereby maintaining an essentially constant 

concentration of Mn@+ adsorption sites within the filter. In contrast, the column 

exhaustion experiments showed both the Mn2+ adsorption capacities without 

chlorine and the Mn2* wavefront propagation in each filter. 

Continuous Regeneration Experiments 

1.-3. The first three steps of the continuous regeneration experiments were 

identical to the steps in the media configuration experiments. 

4. Chemical addition to the reaction chamber was then started. The 

chemicals used in these experiments were (1) a manganous sulfate 

solution to provide the desired concentration of soluble manganese and 

(2) a chlorine solution to continuously regenerate the columns. The 

chlorine was added above the levels already present in the finished 

water. Note that no Mn({il) was oxidized by HOCI in the bulk solution. 

5. Each of the following parameters was periodically measured throughout 

the entire filter run: total filter head loss, flow rate, reaction chamber Mn
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concentration (total and soluble Mn), manganese concentrations at six- 

inch intervals through the filter media (total Mn) and influent and effluent 

chlorine residual. 

6. The experiments generally continued for 30 hours. 

Column Exhaustion Experiments 

1.-3. The first three steps of the continuous regeneration experiments were 

identical to the steps in the media configuration experiments. 

4. Chemical addition was then started to the reaction chamber. The 

chemicals used in these experiments were (1) a manganous sulfate 

solution to provide the desired concentration of manganese and (2) a 

sodium thiosulfate solution to eliminate the chlorine residual in the 

supply water. 

5. Each of the following parameters was periodically measured throughout 

the entire filter run: total head loss, flow rate, reaction chamber Mn 

concentration (total and soluble Mn), and manganese concentrations at 

six-inch intervals through the filter media (total Mn). Chlorine 

concentrations in the reaction chamber were periodically monitored to 

ensure that no residual was present. 

6. The experiments continued for 1-4 days, depending on the hydraulic 

loading and manganese concentration applied. 

Analytical Methods 

Throughout the experiments, samples were first collected in glass 

beakers from each filter port or effluent valve. A syringe-filter was used to 

separate the particulate and soluble fractions of the samples. In each case,
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approximately 50 mL of the sample were filtered through a 0.45 um Gelman 

membrane filter into 60- or 125-mL Polyethylene bottles. All of the total metals 

samples were immediately acidified with 0.5 mL of 10 percent HNO3. The 

samples to be analyzed for soluble metals were acidified after filtration. The Fe 

and Mn concentrations were measured with a Perkin-Elmer Atomic Absorption 

Spectrophotometer. 

Chlorine residuals were determined with a Wallace and Tiernan 

amperometric titrator according to Method 408C described in Standard 

Methods (1985). A Fisher Accumet pH meter was used to quantify influent and 

effluent pH values. Flow rates were calculated by the measurement of filter 

effluent volumes over a specified time interval (between 10 and 30 seconds). 

Quality Assurance/Quality Control Methods 

Quality assurance was maintained during analytical testing by the 

periodic measurement of standards. In addition, the AA was initialized and 

standardized every ten unknown samples. Three samples with known 

concentrations were analyzed between the restandardization points. 

Some experiments were duplicated to determine if repeatable results 

could be obtained. Figures 6 and 7 show the comparison of total head loss and 

iron breakthrough for two filter runs with similar operating parameters. In Figure 

6, the total head loss accumulation profiles are closely matched. Figure 7 

shows the iron breakthrough patterns of the two tests. The volume of water 

treated before the beginning of breakthrough differs by about five percent. The 

breakthrough profile, however, diverges after the beginning point. These
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figures show the experiments to be highly repeatable for the important 

operational characteristics of head loss and metals breakthrough. 

Experimental Methods from Other Research 

Finally, experimental data from other research (Hungate, 1988; Occiano, 

1988; Pankow and Morgan, 1981; and Morgan, 1964) were used to develop 

mathematical models for the removal of Mn(II) from raw water supplies using 

either continuous regeneration of the Mn(Il) removal capacity with the addition 

of chlorine or intermittent regeneration of the Mn({Il) removal capacity with the 

periodic addition of a stronger oxidant. The experimental methods used by 

these researchers are described in their respective publications. 

Data Management 

The data gathered in these experiments was stored, organized, and 

graphed with Microsoft Excel, a spreadsheet program for the Macintosh 

computer.



CHAPTER 5 

EXPERIMENTAL RESULTS 

This chapter presents some of the data collected during the experimental 

pilot-plant portion of the study, a sensitivity analysis of the two manganese 

removal models, and a parameter estimation for both of the models. Specific 

subsections include the pilot-plant results (1) with chlorine and permanganate 

added to the unfiltered water, (2) with chlorine alone added, and (3) with no 

oxidants added. 

Filter Media Configurations 

Figure 8 shows the head loss profile during normal filter operation with 

the addition of both permanganate and chlorine. Most of the resulting 

precipitated solids became trapped in the first few inches of the filter media. 

During this experiment, the head loss increased 21 inches at the top port 

(located six inches deep into the filter media). Throughout the rest of the filter, 

the head loss increased only 6.5 additional inches; therefore, 76 percent of the 

head loss accumulated within the first six inches of the filter. While this 

percentage varied depending on the filter and hydraulic loadings, greater than 

50 percent accumulated within six inches in virtually all of the experiments. This 

indicates that most solids deposition occurs within the top few inches of media. 

Figures 9 - 11 show the performance of Filters | through IV with respect to 

iron and manganese removal and head loss buildup. Each of the filters were 

operated between 3.8 and 4.1 9P™/ft2. KMnO4 was added at a concentration of 

0.5 ™9/L whereas free chlorine was added at a concentration of 3.0 ™9/L. Iron 

42
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and manganese breakthrough began at a throughput volume of 300 gal for 

Filter IV (precoated anthracite-sand), 350 gal for Filter | (anthracite-sand), and 

400 gal for Filters II (anthracite-greensand) and Ill (tri-media). Therefore, the 

volume of water treated before metals breakthrough differed by as much as 

thirty-three percent. In each individual filter, both iron and manganese 

breakthrough occurred at the same total volume of water treated. 

Clean bed head loss profiles describe the frictional losses within the 

media and not the accumulation of solids in the filter. Figure 12 shows the total 

clean bed head loss profile for Filters | through IV as a function of hydraulic 

loading. As expected, Filter Il (anthracite-greensand) develops higher head 

loss than the other filters regardless of any solids accumulation. Also, in Filter III 

(tri-media) the addition of a small layer of garnet did not significantly alter the 

clean bed head loss profile. 

Combined Adsorption/Oxidation 

Media Surface Oxide Coatings 

Data presented in Table 5 summarize the extractable amounts of 

manganese present on the filter media tested. The surface oxide coating on the 

Filter II] media developed during a few weeks of operation. This same amount 

of coating was assumed present on the Filter || anthracite also. The surface 

oxide coating on the pre-coated sand and anthracite media (Filter IV media) 

was tested on the media before its installation into the filter. The Water Plant 

No. 2 surface oxide coating was also measured before placement into Filter V.
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Table 5. Extractable Surface Manganese Concentrations 

  

Extractable Mn 

  

  

  

  

  

(at end of Filter III experiments)     

Media Concentration 

mg Mn/g media 

Water Plant 2 Sample 16 
(sand + anthracite) 

Greensand 3.0 
(as provided by manufacturer) 

Precoated Sand 0.28 
(as provided by manufacturer) 

Precoated Anthracite 0.071 
(as provided by manufacturer) 

Filter tll Anthracite 0.064 
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Removal of Mrft in the Absence of an Applied Oxidant 

Figures 13 - 15 show the manganese removal capacities of Filters II, IV, 

and V during 26 hours of operation at 4 9P™/ft2. An influent manganese 

concentration of 1.0 ™9/L was used to demonstrate the large capacity of the 

media for manganese uptake. Though the concentrations were measured as 

total manganese, tests indicated that essentially all of the manganese was in 

the reduced, soluble MniII) state. 

Figure 13 shows the manganese removal in the anthracite-greensand 

filter. The top 18 inches of the filter media depth contained anthracite and the 

bottom 12 inches greensand. Virgin anthracite was placed in the filter at the 

beginning of the study and any oxide coating developed during only a few 

weeks of operation. Three hours into the experiment, however, the anthracite 

continued to remove more than ninety-nine percent of the applied manganese. 

Eventually, the removal capacity of the anthracite was exhausted and the 

greensand became the primary exchange surface for soluble manganese 

removal. 

Figure 14 shows the manganese removal in the filter containing the pre- 

coated media. During the first hours of operation, the filter performed similarly 

to the greensand filter. However, the manganese removal capacity was quickly 

reduced and by nineteen hours of operation, the removal capacity was 

exhausted. In contrast, Figure 15 shows a tremendous amount of manganese 

removai capacity using Filter V, the filter containing Water Plant No. 2 media. 

Even after twenty-six hours of operation, the manganese concentration was 

reduced to below 0.05 ™9/L within the top twenty inches of the filter.



51 

1.20   

  

1.00 - 

0.80 - 

Total Mn 
(mg/L) 0.60 4 

0.40 - 

0.20 -     T 
T 

tr 
JT 

v 
T 

T 
T 

q 
‘ 

T 
T 

t
o
f
 

} 
' 

T 
‘ 

  0.00 ahem + Maced beerde t aT ee it + a ae i Dba 

0 3 10 15 20 25 30 

Depth through filter (in) 

“
O
y
 

  

Filter Operation | -®-3 hours 19 hours -*-26 hours 
Time:     
  

Figure 13. Manganese Uptake in Filter I] (anthracite-greensand) (no oxidant 
addition, HLR = 4 9P™/#?2, influent Mn(II)}=1.0 ™9/L)



52 

1.20   

1.00 ; 

    0.80 - 

Total Mn 
(mg/l) 0.60 - 

0.40 } 
T
T
 

Ff
 

T
F
 

i 
t 

‘ 
| 

T
T
 

q 
J 

t 
t 

qT 

0.20 -     ag 
Rp | tk OO ee a a a 

0 5 10 15 20 25 30 35 

Depth through filter (in) 
  

Filter Operation -“§-3 hours 19 hours -*-26 hours 

Time:     
  

Figure 14. Manganese Uptake in Filter 1V (precoated anthracite-sand) (no 
oxidant addition, HLR = 4 9P™/ft2, influent Mn(II) = 1.0 ™9/L)



1.20 

53 

  

1.00 - 

0.80 - 

Total Mn 
0.60 - 

(mg/l) 

0.40 - 

0.20 4 

—
 P
a
 

P
e
 

  ag 
~ 0.00 Pd + e Ls deol G) 

    

  

  

©
 

Filter Operation 

Time: 

10 20 30 40 

Depth through filter (in) 
  

  
“8-3 hours 19hours -*- 26 hours 

  
  

Figure 15. Manganese Uptake in Filter V (Water Plant #2 anthracite-sand) 
(no oxidant addition, HLR = 4 9P™/ft2, influent Mn(Il) = 1.0 ™9/L)



54 

Effect of Oxidant Addition on Mn?*+ Removal 

Figures 16 - 18 indicate that efficient manganese removal occurred in 

the filters with chlorine addition. An influent soluble manganese concentration 

of approximately 0.25 ™9/L was used to simulate the manganese loadings of the 

Columbus raw water. Chlorine was added to the raw water to a concentration 

of approximately 2.5 ™S9/L and the hydraulic loading rate was approximately 4 

gPm/ft2. During this experiment, the manganese removal was rapid, with the 

soluble manganese concentration reduced to below 0.05 ™9/L in the top ten 

inches of the filter. 

Model Sensitivity Analysis 

The previous sections demonstrate that manganese removal using 

oxide-coated media is an efficient and functional! treatment mechanism. Models 

for these processes were developed to help predict design and operational 

conditions needed for implementing oxide-coated media as a treatment 

process. However, for the models to accurately represent the processes, their 

parameters must be established from similar operating conditions. The 

sensitivity analysis, presented below, is a helpful tool for the parameter 

estimation since it provides qualitative information on how changes in the 

parameters affect the model response. 

Continuous Regeneration Model 

A qualitative sensitivity analysis was completed for the major parameters 

of the continuous regeneration model. The initial parameters represent typical 

operating conditions for soluble manganese removal and are shown in Table 6.
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Figure 16. Manganese Removal in Filter I! (anthracite-greensand) with 

Chlorine Addition (HOCI = 2.5 ™9/L, HLR = 4 9Pm/ft2)
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Figure 18. Manganese Removal in Filter V (Water Plant #2 anthracite-sand) 

with Chlorine Addition (HOCI = 2.5 ™9/L, HLR = 4 gP™m/f{2)
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Table 6. Operating conditions and parameters for continuous regeneration 
sensitivity model. 

  

Operating Conditions 
and Parameters 

Value 

  

  

hydraulic loading rate 
Mni(Il) adsortion capacity 
surface oxide coating 
porosity 
DH 
Influent Mn(Il) conc. 
Influent Cle conc. 

kK; 
Ko 
kg 

3.8 gPm/ft2 
0.09 Mol/_-bed 
11.8 ™g Mn/g media 
0.42 
7.4 

1.Q M9/L 
10.0 ™9/L 

110 L/(mol*min) 

5.84E9 L2/(mole*min) 
62.6 L/(mol*min)      
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Figures 19 - 23 show the effect of pH, total adsorption capacity, and reaction 

rates kj, kz, and k3 on the manganese removal profile. 

Figure 19 shows that the theoretical manganese removal depends 

strongly on pH when the pH is less than about 6.0. At pH values greater than 

approximately 7.0, the model essentially predicts no change in the manganese 

removal profile. Note the pH does not alter the total adsorption capacity of the 

media, which is defined functionally by Nakanishi at pH 7.5. 

Both the total adsorption capacity, So, and the reaction rate constant k 

moderately effect the manganese removal profile. Figures 20 and 21 show the 

effects of changing each of the parameters by a factor of 1.5 above and below 

the original value. These qualitative sensitivity results show that high accuracy 

for these two parameters is not essential for modeling of manganese removal 

by continuous adsorption and oxidation. In addition, an equal percent change 

in these parameters creates a similar change in the manganese removal 

pattern. Therefore, one of these parameters does not exert a greater influence 

on the model than the other. 

Large changes in the reaction rate constants k2 and k3 negligibly affect 

the manganese removal profile as seen in Figures 22 and 23. As above, the 

reaction rates were altered by a factor of 1.5 above and below the initial value. 

In addition, changes in these parameters affect the manganese removal profile 

much less than similar percent changes in the total adsorption capacity or the 

reaction rate constant kj. Therefore, these parameters can be more roughly 

estimated than kj or So.
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Figure 19. Effect of pH on Theoretical Manganese Removal (HOC! = 10 

mM9/L, HLR = 3.8 9P™/ft2, surface oxide coating = 12 ™9 Mn/g 
media, total adsorption capacity = 0.09 ™ol/_-bed)
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Figure 20. Effect of Total Adsorption Capacity, Sp, on Theoretical 
Manganese Removal (HOCI = 10 ™9/L, influent Mn(Il) = 1.0 ™9/L, 
HLR = 3.8 9P™/ft2)
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Figure 21. Effect of Reaction Constant ki on Theoretical Manganese 

Removal (HOCI = 10 ™9/L, influent Mn(il) = 1.0 ™9/L, HLR = 3.8 
gPM/ft2, surface oxide coating = 12 ™9 Mr/g media, total 
adsorption capacity = 0.09 ™ol/L-bed)
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Figure 22. Effect of Reaction Constant ko on Theoretical Manganese 

Removal (HOC! = 10 ™S/L, influent Mn(Il) = 1.0 ™9/L, HLR = 3.8 
gPMVft?, surface oxide coating = 12 ™g Mr/g media, total 
adsorption capacity = 0.09 mol/L-bed)



64 

  

        
  

1.00 

0.75 + 

Mni(Il) 
0.50 

(mg/L) | 

0.25 + 

0.00 , dene 1 I { 1 l l l 

0.00 5.00 10.00 15.00 20.00 

Depth Through Column (in) 

--k3 = 41.7 Li(mol*min) — k3 = 62.6 Li(mol*min) — k3 = 93.9 L/(mol*min) 

    
  

Figure 23. Effect of Reaction Constant k3 on Theoretical Manganese 
Removal (HOCI = 10 ™9/L, influent Mn(Il) = 1.0 ™9/L, HLR = 3.8 

gpm/ft2, surface oxide coating = 12 ™9 Mr/g media, total 
adsorption capacity = 0.09 ™°l/L-bed)
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Intermittent Regeneration Model 

Fewer parameters influence the manganese removal profiles or the 

manganese breakthrough patterns in the intermittent regeneration model than 

in the continuous regeneration model. For the intermittent regeneration model, 

only the parameters k and K affect the profiles. Since more effects are 

incorporated into the two parameters, a consequence is that the model 

becomes more sensitive to them. 

For each parameter altered, two qualitative sensitivities were 

investigated: one relatively shallow in the column and one significantly deeper. 

Since the intermittent regeneration model incorporates a linear isotherm, the 

manganese wavefront expands through the depth of the filter. Therefore, the 

effects of a small change in the parameters might become accentuated deeper 

in the column. Figures 24 - 27 show the effect of changing the parameters k 

and K by a factor of 1.5 from their initial values. The initial parameter values 

and operating conditions are shown in Table 7. 

Figures 24 and 25 show the effect of changing the parameter k. 

Changes in this parameter did not greatly alter the manganese breakthrough 

profile. Also, the effect of the parameter did not significantly change through the 

depth of the column (from 5.75 inches to 23 inches). 

Changes in the parameter K, however, exerted a much greater influence 

on the intermittent regeneration model. Figures 26 and 27 show the effect of 

changes in this parameter. At a shallow depth through the filter, the parameter 

K affected the model moderately more than the parameter k. However, deeper 

in the filter, the influence was even more marked.
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Table 7. Operating conditions and parameters for intermittent regeneration 
sensitivity model. 

  

Operating Conditions Value 
and Parameters 
  

hydraulic loading rate 3.0 gpm/ft2 
porosity 0.42 
pH 7.0 
Influent Mn(I!) conc. 0.5 M9/L 
Influent Cle conc. 0.0 mg/L 
Depth of each column 5.75 in 
Number of columns 4 

k 0.0040 min-1 
K 800        
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Figure 24. Effect of Reaction Constant k on Theoretical Breakthrough 

(effluent depth = 5.75", HLR = 3.0 9PM/#2, influent Mn(Il) = 0.5 
mM9/L, pH = 7.0, no chlorine)
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Figure 25. Effect of Reaction Constant k on Theoretical Breakthrough 

(effluent depth = 23°, HLR = 3.0 9P™/#t2, influent Mn(Il) = 0.5 ™9/L, 
pH = 7.0, no chlorine)
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Figure 26. Effect of Reaction Constant K on Theoretical Breakthrough 

(effluent depth = 5.75", HLR = 3.0 9P™/ft2, influent Mn(Il) = 0.5 
mg/L, pH = 7.0, no chlorine)
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Figure 27. Effect of Reaction Constant K on Theoretical Breakthrough 
(effluent depth = 23°, HLR = 3.0 9P™/f#t2, influent Mn(Il) = 0.5 9/L, 
pH = 7.0, no chlorine)
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Model Parameter Estimation 

The next task in the modeling process, after a sensitivity analysis, was 

parameter estimation. Because of the theoretical basis for the continuous 

regeneration model, it should contain parameters applicable to many waters. In 

contrast, the intermittent regeneration parameters must be determined for each 

specific raw water. This results from the incorporation of pH effects into the 

parameters k and K. 

Continuous Regeneration Model Parameter Estimation 

Nakanishi determined the parameters kj, k2, and kg for the continuous 

regeneration model using a least-squares parameter estimation technique. 

However, Nakanishi expressed some doubt regarding the accuracy of his 

parameters. One particular concern with Nakanishi’s parameters resulted from 

the limited range of experimental conditions to calculate the values. 

In addition to this concern, the sensitivity analysis demonstrated that the 

parameter k; exerts a moderate effect on the manganese removal profile, but 

the parameters ko and k3 exert only a minimal effect. For this reason, the results 

of independent research were used to validate the parameter ki, and 

Nakanishi’s predictions of ko and k3 remained uncontested. 

Two different sources were used to evaluate the parameter kj. The first 

source was from results presented by Pankow and Morgan (1981). Pankow 

and Morgan modeled autocatalytic oxidation of manganese from solution using 

oxygen. The reaction proposed earlier by Morgan (1964) was 

d[Mn?*] 

dt 
  = -kp [Mn?*] - kg [Mn?*] [MnO,J (24)
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where the second term represents soluble manganese removal from solution 

through adsorption onto precipitated manganese oxides. Therefore, the term k3 

physically represents the same parameter as Nakanishi’s kj (Eq. 5). Sung 

(1980) reexamined the data obtained by Morgan (1964) at a pH of 9.5 anda 

partial pressure of oxygen of 1.0 atm. His analysis, as summarized by Pankow 

and Morgan, suggested a value for k3 of 260 M-! mir1. This value was more 

than twice that estimated by Nakanishi of 110 M-1 min-1. 

A second independent estimate of the parameter was needed then to 

resolve this discrepancy. Hungate (1988) conducted kinetic studies to describe 

the sorption of soluble manganese on an MnO x;s) surface during filtration. From 

five experiments at varying influent soluble manganese concentrations, he 

determined uptake rate constants. Table 8 shows the results of these kinetic 

experiments. Hungate then assumed first-order kinetics according to the 

following model: 

[Mr?*], = [Mr?*],ekt (18) 
where 

[Mne+]; = effluent manganese concentration (™9/L) at time t 

[Mn2*] 5 = influent manganese concentration (™9/L) 

k = uptake rate constant, (min-1) 

t = solution detention time in column (min) 

The uptake rate constants determined at various influent manganese 

concentrations were then averaged to obtain one reaction rate, k, equal to 4.9 

mim. The experiments were performed at pH 7.1, with a surface oxide coating 

on the media of 3.90 ™9 Mn/g media.
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Table 8. Uptake Rate Constants Determined at Various Influent Manganese 

Concentrations (pH = 7.1, Surface Oxide Coating = 3.9 ™9 Mn/g media), 
from Hungate (1988) 

  

  

  

  

  

    

Residence Time Uptake Rate 
Influent Mn of Solution in Effluent Mn Constant, k 

(mg/L) Column (min) (mg/L) (min-') 

0.20 0.05 0.19 4.8 
0.08 0.18 
0.09 0.16 
0.10 0.15 
0.11 0.15 
0.14 0.12 
0.22 0.10 
0.22 0.08 

0.30 0.12 0.19 4.8 
0.18 0.18 
0.22 0.16 
0.23 0.15 
0.25 0.15 
0.33 0.12 
0.52 0.10 

0.45 0.11 0.31 4.1 
0.15 0.28 
0.18 0.21 
0.19 0.19 
0.21 0.19 
0.47 0.10 

0.80 0.09 0.59 5.7 
0.12 0.50 
0.17 0.28 
0.19 0.31 
0.24 0.21 
0.32 0.13 

1.20 0.08 0.90 5.0 
0.11 0.84 
0.18 0.41 
0.19 0.43 
0.23 0.39 
0.26 0.38 
0.63 0.09          
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Hungate’s mode! contains subtle differences from the models proposed 

by Nakanishi and Morgan. For Hungate’s model, he essentially incorporated 

the oxide coating concentration into the parameter k. Therefore, Hungate’s 

model could be rewritten as 

[Mn2*} = [Mn2*], e- kst 

where k from Hungate is equivalent to (k1)(So) from Nakanishi or (k3)(MnOx(s)) 

from Morgan. 

Hungate’s surface oxide coating extraction can be reformulated as a total 

adsorption capacity through the following conversion: 

So = [3.9   mg Mn g media 1 mol Mn 1g = mol Mn 
g media! [ 840 L media! 54.94 g Mn 000 mg! 0.060 L media 

This amount of oxide coating then can adsorb, according to Morgan (1964), 

approximately 0.35 mol of soluble Mn per mol of oxide surface at pH 7.1. This 

corresponds to a total adsorption capacity of 0.021 mol Mnill) sorbed/_ media. 

Finally, a parameter comparable to Nakanishi and Morgan is calculated 

by 

Table 9 presents the results of the parameter estimation from the three sources. 

Since the parameters obtained independently from Hungate (1988) and from 

Pankow and Morgan (1981) are very similar, an average of these two values 

was used as the parameter for operating the model and Nakanishi’s estimate 

was discarded. Also, since nearly the same parameter was obtained using 

experiments at different pH conditions (pH 9.5 versus pH 7.1), it was assumed 

that pH does not effect the reaction rate constants kj, ke, and k3.
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Table 9. Comparison of Reaction Rate Constants for Soluble Manganese 
Sorption onto Oxide-Coatings. 

  

  

  

Source for kj Magnitude 
(M-1 min-1) 

Nakanishi (1967) 110 

Pankow and Morgan 260 
(1981) 

  

Hungate (1988) 230        
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Intermittent Regeneration Model Parameter Estimation 

The parameter estimation for the intermittent regeneration model was 

more straightforward than the parameter estimation for the continuous 

regeneration model. However, since the parameters incorporate more of the 

raw water characteristics, a separate estimation is required for different pH 

conditions. Because there are only two parameters and the model is fairly 

sensitive to both of them, the parameter estimation lends itself easily to a 

method of trial and error. 

A trial and error parameter estimation is essentially a manual curve-fitting 

exercise. For the parameter estimation, data from an experiment by Hungate 

(1988) was utilized. Hungate operated four small 5.75 inch long columns in 

series. Soluble manganese concentrations were monitored at the effluent of 

each column to determine the breakthrough profile. Using the operating 

conditions of the experiment, the parameters k and K could then be manually 

adjusted until the model breakthrough profile closely fit the experimental results. 

Results from the sensitivity analysis indicated that the parameter K impacts the 

manganese profile more than the parameter k; this provides qualitative 

information on relative changes in the parameters needed. 

Important to the utility of the model, the parameters were determined only 

using the first column breakthrough profile. Therefore, the effluent manganese 

profile for the remaining three columns in series could be used as a verification 

of the model. Figure 28 shows the breakthrough profile and modeled response 

for the effluent from the first column at a depth of 5.75 inches. Table 10 shows 

the parameters obtained and operating conditions for this experiment.
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Figure 28. Breakthrough Profile and Modeled Effluent for Parameter 
Estimation of Intermittent Regeneration Model (effluent depth = 
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Table 10. Estimated Parameters and Operating Conditions for Intermittent 
Regeneration Model 

  

Operating Conditions Value 
and Parameters 
  

PARAMETERS 

K 0.0040 min-1 
K 800 

  

OPERATING CONDITIONS 

hydraulic loading rate 3.0 9PM/ft2 
porosity 0.42 
pH 7.0 
Influent Mn(II) conc. 0.5 mg/L 
Influent Clo conc. 0.0 mg/L 
Depth of column 5.75 in        



CHAPTER 6 

DISCUSSION 

This chapter presents a discussion of the pilot-plant experimental results 

and applications of the two manganese removal models. The pilot-plant results 

are discussed in two major sections: (1) an evaluation of the filter media 

configurations when operated in the standard mode adding both chlorine and 

permanganate; and, (2) an evaluation of combined adsorption/oxidation as a 

treatment method for Columbus City Utilities. The modeling results are also 

subdivided into two major categories, one addressing the continuous 

regeneration model and the other addressing the intermittent regeneration 

model. 

Filter Media Configurations 

Two primary characteristics were investigated to evaluate the filter media 

configurations: (1) effluent quality with respect to total and soluble iron and 

manganese and (2) the rate of head loss buildup. Secondary characteristics 

included filter backwashing and clean bed head loss. 

Head Loss and Metals Breakthrough 

The breakthrough patterns shown in Figures 9 and 10 indicate that the 

anthracite-greensand filter and the anthracite-sand-garnet filters treated more 

water before metals breakthrough than the other filters. However, head loss 

increased more quickly in the anthracite-greensand filter than in any other 

configuration tested. Figure 11 shows this effect. Using linear regression, the 

79
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head loss accumulation rate was determined. Filter |, the uncoated, anthracite- 

sand filter, had a rate of 5.1 inches of head loss accumulated per 100 gallons of 

water treated. Filter Il, the anthracite-greensand filter, had a rate of 7.4 inches of 

head loss accumulated per 100 gallons of water treated, an increase of forty- 

five percent. In contrast to the anthracite-greensand filter, the tri-media filter 

developed significantly less head loss. Metals breakthrough, however, 

occurred after similar volumes of water were treated. 

Since the physical configuration of Columbus City Utilities Water Plant 

No. 1 was head loss limited, the use of greensand could shorten the filter 

operation times. The limited operation would not result from iron or manganese 

breakthrough but from the amount of head loss generated. In summary, the 

greensand filter can treat a larger volume of water before breakthrough; 

however, the filter operation time might be limited by the head available at the 

plant and not by solids breakthrough. 

Clean Bed Head Loss 

The clean bed head loss results (Figure 12) show that Filter I] exhibited 

a much higher head loss due to frictional losses within the filter. This result was 

expected, as greensand has a smaller effective size than anthracite or sand. 

Impact of Oxidants Used 

When chlorine and KMnQg are added in sufficient amounts to completely 

oxidize the iron and manganese in the groundwater, iron and manganese 

removal becomes a suspended solids collection problem and not a metal ion 

oxidation problem. Thus, the removal of the iron and manganese requires only
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the removal of turbidity or suspended solids created by the oxidation. Figure 29 

shows this result. At the effluent of the reaction chamber (a chemical reaction 

time of between 2.8 and 11 minutes depending on the total flow rate), an 

average of 97 percent of the iron and 74 percent of the manganese was 

oxidized. In addition to the above results, Knocke, et a/. (1990) showed that, at 

pH 7.0 - 7.3, rapid Fe2+ oxidation by HOCI (less than three seconds) and Mn2+ 

by KMnQOg (less than ten seconds) occurred. 

Figure 29 shows another effect of using KMnQgq to oxidize manganese. 

For every 1.0 mg of KMnQgq added to the raw water, 0.55 mg of MnOo(s) are 

formed and must be removed by the filter. These solids result entirely from 

permanganate reduction, not soluble manganese oxidation. For the Columbus 

raw water with a reduced manganese concentration of approximately 0.25 ™9/L 

and a reduced iron concentration of approximately 1.7 ™9/L, the solids addition 

from permanganate contributes a relatively small portion. However, even this 

small amount can impact the head loss accumulation in a filter. Figure 30 

shows how the addition of permanganate increased the total head loss through 

the filter. Figure 31 shows that solids breakthrough occurred earlier when both 

permanganate and chlorine were added than when chlorine alone was added. 

If the raw water contained a greater amount of soluble manganese, the 

comparison between adding HOCI only and adding both oxidants would be 

more dramatic. 

Combined Adsorption/Oxidation 

Three topics were investigated to determine the suitability of manganese 

removal by combined adsorption/oxidation onto surface oxide-coated media.
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These topics were (1) amount of media surface oxide coatings present, (2) 

removal of Mn2* in the absence of an applied oxidant, and (3) effects of chlorine 

addition on Mn2@+ removal. A secondary purpose was to determine the 

effectiveness of pre-coated media versus naturally-occurring, oxide-coated 

media for soluble Mn removal. 

Media Surface Oxide Coatings 

Very little surface oxide was present on either the sample from Filter III 

(tri-media filter) or on the pre-coated media. The media from Water Plant No. 2 

had an oxide coating more than five times greater than the extractable coating 

on greensand and several hundred times greater than the extractable coating 

on the pre-coated anthracite. This oxide coating probably accounted for a 

portion of the manganese removal currently being realized at Plant No. 2 and 

possibly at Plant No. 1. In addition, the oxide coating also acts as an oxidation 

“buffer” for permanganate. For example, if too much permanganate is added to 

the raw water, the surface coating on the media will be oxidized and no 

permanganate laden water (purple water) will enter the distribution system. 

Conversely, if too little permanganate is added for soluble manganese 

oxidation, the remaining soluble portion will be adsorbed by the filter media. 

Removal of Mn+ in the Absence of an Applied Oxidant 

Filters Il (anthracite-greensand), IV (precoated anthracite-sand), and V 

(Water Plant #2 anthracite-sand) were tested for their ability to remove soluble 

manganese from solution without oxidant addition. Media with very small 

amounts of surface oxide present (e.g., the anthracite in Filter ||) exhibited a
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significant degree of Mn2*+ removal capacity. Secondly, media with more 

surface oxide exhibited even greater Mn2* removal capacity. 

Figures 13-- 15 demonstrate the highly variable adsorption capacity of 

different media. The naturally oxide coated media removed many times more 

soluble manganese than either of the other filters. In addition, these results 

showed that both the filters containing anthracite-greensand and Water Plant 

No. 2 media possessed significantly greater manganese removal capacity than 

the pre-coated filter media. The amount of oxide coating on the filter media, 

when operated in the intermittent regeneration mode without the use of an 

oxidant in the unfiltered water, greatly impacted the amount of soluble 

manganese removed. The amount of soluble manganese removed was related 

to the total number of MnOx(s) adsorption sites present. These sites were not 

regenerated without the addition of an oxidant; eventually all became occupied 

with Mn(Il), and the filter Mn removal capacity was exhausted. 

Effect of Oxidant Addition on Mn#+ Removal 

Data presented in Figure 16 showed that in the anthracite-greensand 

filter, essentially all the manganese was removed in the anthracite layer. 

Ninety-six percent of the manganese was removed in the anthracite layer 

(upper eighteen inches) with only four percent removed in the greensand layer 

(remaining twelve inches). Therefore, when the filter was operated in the 

adsorption/oxidation mode, even in the presence of minimal oxide coating, 

greensand was not necessary for effective soluble manganese removal. 

Sampies taken over a 29-hour period indicated that the removal profiles 

remained nearly constant and that a steady-state adsorption/oxidation reaction
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was established in the upper depths of the filter. Therefore, it is hypothesized 

that this experiment could have continued indefinitely with the same 

manganese and chlorine loadings and not have yielded significant manganese 

breakthrough. 

In contrast to the previous column exhaustion experiments, the amount of 

surface oxide coating had only a minimal effect on the adsorption/oxidation 

profile. This demonstrates that the operation of columns in a continuous 

regeneration mode would efficiently remove manganese even in the presence 

of a very small amount of oxide coating. Evidently, in the operation of the 

columns in the continuous regeneration mode, the number of available sites for 

adsorption and oxidation reached a limiting value based on the surface area of 

the media. Nakanishi (1967) also noticed this effect and showed that the total 

adsorption capacity did not increase linearly with a corresponding increase in 

the media surface MnOqa(s) coating concentration. 

Modeling 

Continuous Regeneration Model 

To evaluate this model, a Mn(Il) removal profile from Columbus pilot- 

plant data was compared to predictions from Nakanishi’s model. Filter V, 

containing Water Plant No. 2 media with an oxide coating of 169 Mn/g media, 

was used for the comparison. Table 11 shows the operating conditions and 

parameters used in the model. Figure 32 shows the predicted and 

experimental results. A reasonable agreement between predicted removal and 

experiment was obtained. Figure 33 shows the effect of uncertainties in the 

parameter kj on the model. Variation of ki by as much as 50 percent did not
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Table 11. Operating conditions and parameters for continuous regeneration 
model validation. 

  

  

  

Operating Conditions Value 
and Parameters 

hydraulic loading rate 4.0 gpm/ft2 
surface oxide coating 
Mni(ll) adsortion capacity 
porosity 
PH 
Influent Mn(Il) conc. 
Influent Clo conc. 

Ky 
ka 
k3 

16 mg Mn/g media 

0.086 ™l/L-bed 
0.42 
7.4 
1.0 ™9/L 
2.0 ™9/L 

245 L/(mol*min) 

5.84E9 L2/(mol2*min) 
62.6 L/(mol*min)      
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' greatly change the model predictions. This experiment provided only limited 

experimental validation of the model; therefore, results from Occiano (1988) 

were also uSed as a validation step. 

Three of Occiano’s experiments were used to compare with model 

predictions. The operating conditions for the experiments are shown in Table 

12. The only difference between these experiments was that the filter applied 

water pH was adjusted to 6.0-6.2, 7.8, or 8.8. The parameters were obtained 

from the parameter estimation in Chapter 5. The surface oxide coating, in 

Occiano’s data, was expressed as 9 Mn/g media. This value was first converted 

to moles of MnO x(s) present per liter of media as derived in Chapter 5. Using 

Figure 1 and the pH defined by Nakanishi (pH 7.5), the total adsorption capacity 

could then be expressed as the moles of Mn(II) sorbed per liter of media. 

Figures 34 through 36 show the results obtained by Occiano for the 

continuous regeneration experiments at different pH. The manganese 

concentrations predicted by the model are overlaid on the figures also. Note 

that the removal for pH 7.8 and 8.8 was very similar. The model predicted this 

response because at pH 7 and above, the model remained insensitive to 

changes in pH. However, the higher effluent Mn(Il) concentration obtained at 

pH 6-6.2 was also well predicted by the model. This agreement provides more 

evidence that pH effects are acceptably incorporated into the Nakanishi model, 

and that the reaction rate constants ki, ko, and kg are not strong functions of pH. 

Figure 37 shows the predicted effect of changing the influent chlorine 

concentration. There exists a minimum amount of chlorine which can be added 

before steady state no longer exists. Alternately, as the chlorine concentration
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Table 12. Operating conditions and parameters for continuous regeneration 
model comparison to data from Occiano (1988) 

  

  

  

Operating Conditions Value 
and Parameters 

hydraulic loading rate 2.5 apm/ft2 
surface oxide coating 
MniIl) adsortion capacity 
porosity 
pH 
Influent Mn(Il) conc. 
Influent Clo conc. 
effluent depth 

ky 
ke 
k3 

4 mg Mn/g media 
0.031 ™ol/_-bed 
0.42 
6.0, 7.8, 8.8 
1.0 M9/L 
2.0 ™9/L as HOC! 
6.5 inches 

245 L/(mol*min) 

5.84E9 L2/(mole*min) 
62.6 L/(mol*min)      
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increases, fewer sites are available to be oxidized and the removal profile no 

longer changes significantly. 

By using Eq. 15 (repeated below) standards for design and operation of 

a plant for continuous removal of Mn({Il) can be obtained. 

2So_1,,(Mn*b , 11, [HOCI], 
Uk [Mr@*] Ks [HOCIL - {[Mr2*] - [Mr2*]} 
      

+ ke [HP in nb _ [HOCI] \ 
k, kg {HOCI], - [Mn2*} [Mr2*]  [HOCIL- {[Mn2*} - [Mn@*}}{ (15) 

    

First, the Mn(Il) concentration and pH of the raw water would be 

measured. Then the desired effluent Mn(il) concentration is specified. 

Subsequently, the amount of HOC! to be added to the unfiltered water is 

calculated as the summation of the HOCI requirement of the raw water (chlorine 

demand for oxidation of organics, iron, etc.), the amount for Mn(Il) surface 

oxidation, and the desired residual HOC! concentration. When these values are 

substituted into the right hand side of Eq. 15, the left hand side (z*s/u) is 

obtained. If the total capacity of manganese adsorption onto the media is 

measured separately, the relationship between the hydraulic loading rate and 

thickness of the media is obtained. 

The continuous regeneration model, after the parameter estimation and 

verification, can be used to predict manganese removal through oxide coated 

media for varying treatment conditions. Figures 38 - 41 show four different 

treatment scenarios. The scenarios represent soluble manganese removal at 

two concentrations (0.5 and 0.2 mg Mn/L) and at two different chlorine dosages 

(1.0 and 3.0 mg HOCI/L). The two different chlorine dosages were included
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because many utilities must reduce the chlorine added to raw water to limit the 

formation of trihalomethanes (THMs). 

Figures 38 and 39 show that the manganese was removed below the 

maximum contaminant level (0.05 mg Mn/L) within 10 inches if the pH was 

greater than 6.0 and the free chlorine concentration in the filter applied water 

was above 3.0 mg/L. However, below pH 6.0, the adsorption capacity of the 

oxide coated media was essentially eliminated. When chlorine addition to the 

filter applied water was limited (Figures 40 and 41), the Mn(Il) removal through 

the oxide-coated media markedly decreased. These results show general 

treatment conditions under which continuous Mn(li) removal with free chlorine 

might be utilized. However, even if no chlorine can be added to the filter 

applied water, the intermittent regeneration treatment method can remove 

significant quantities of Mn(Il), especially if the pH is greater than about 6.5. 

Unfortunately, the continuous regeneration model contains certain 

limitations. First, at either very high or very low values of oxide coating on the 

media, the model does not accurately predict the removal profile. For example, 

Figures 16 - 18 show the manganese removal profile for three separate 

columns with media surface oxide coatings of 16, 0.071, and 0.064 ™g Mn/g 

media. The three columns contain similar manganese removal patterns. 

However, the model would predict widely different removal patterns, especially 

with such light coatings. 

A second limitation is inherent in the steady state assumptions required 

for a closed form solution of the equations presented in Chapter 3. For 

example, in Figure 37, the reducing the influent chlorine concentration only 

changes the manganese removal profile. At some point, steady state no longer
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exists and a wavefront begins propagating through the column. The Nakanishi 

mode! cannot predict this changing wavefront. When chlorine addition to the 

filter applied water is limited, however, the intermittent regeneration model can 

predict the Mn(Il) removal and the required media regeneration time. 

Intermittent Regeneration Model 

The intermittent regeneration model validation used two sources of data: 

(1) Mn(1l) breakthrough data from Hungate (1988); and, (2) Mn(II) breakthrough 

data from Occiano (1988) at experimental conditions similar to Hungate. 

The parameters for the intermittent regeneration model were estimated 

from the breakthrough profile of Hungate’s first column in series. Therefore, the 

model predictions of the effluent from the next three columns in series provides 

a verification of the parameters and the model. Figure 42 shows the theoretical 

and experimental breakthrough profile at the effluent of each 5.75 inch depth 

column. Excellent agreement between the experimental results and theoretical 

predictions was obtained. In addition, Figure 43 shows the predicted and 

experimental wavefront propagation through the column, which is simply a 

different perspective on the same data. These comparisons show the linear 

adsorption isotherm used in the intermittent regeneration model provides a 

good characterization of the broadening Mn(ll) mass transfer zone. These 

results indicate a bench scale experiment could be used to predict when the 

intermittent regeneration of a full-scale plant is needed. 

A second verification of the model was desired to provide independent 

confirmation of the breakthrough profiles. However, the operating pH and 

amount of oxide coating must be similar to the experiments used in the
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parameter estimation. Occiano performed experiments with a pH of 6.0-6.2, 7.8, 

and 8.8 for an anthracite media with a surface oxide coating of 4 ™9 Mn/g media. 

Therefore, the predicted breakthrough profile should occur between the 

breakthrough profiles at pH 6.2 and pH 7.8. Figure 44 shows the comparison of 

these results. The agreement obtained is reasonable. Note that Occiano’s 

experiments used an influent soluble manganese concentration of 1.0 ™9/L, 

whereas Hungate (1988) used a 0.5 ™9/L influent manganese concentration. 

The intermittent regeneration model also can be used to predict the time 

until soluble manganese breakthrough for varying influent manganese 

concentrations. Figure 45 shows the breakthrough patterns for Hungate’s 

operating conditions, but also shows predicted breakthrough patterns for lesser 

influent manganese loadings. Note that the time until breakthrough is a 

nonlinear function of the influent manganese concentration. For example, at an 

influent concentration of 0.5 ™9/L, the effluent from the column reaches the 

secondary maximum contaminant level after approximately 30 hours of 

operation at 4 9P™/ft2, If the influent concentration is lowered to 0.2 ™9/L the 

breakthrough time is 40 hours; if the concentration is lowered to 0.1 ™9/L, the 

breakthrough time is about 50 hours. Without the intermittent regeneration 

model, the breakthrough time would be very difficult to predict. At an influent 

concentration of 0.5 ™9/L, the total mass of manganese removed before 

breakthrough is 2 times greater than if the influent concentration were 0.2 ™9/L 

and almost four times greater than if the influent concentration was 0.1 ™9/L. 

Therefore, the intermittent regeneration model is well suited for the scale- 

up from bench scale Mn(Il) adsorption experiments to full-scale treatment 

plants. This option of manganese removal would be useful at treatment plants
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where chlorine addition is not practical because of the formation of 

trinalomethanes (THMs), such as in the treatment of raw water from reservoirs 

with a high total organic carbon (TOC) concentration.



CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

Based on the experimental and modeling results in this study, the 

following conclusions were formulated: 

¢ When the filters were operated in a conventional oxidant addition mode (i.e., 

with the addition of HOCI and KMnO4) the dual-media and tri-media 

configurations both provided efficient treatment because of the reduced rate of 

head loss buildup. 

¢ Even though the anthracite-greensand filter treated a larger volume of water 

before breakthrough than the dual-media filter, the high head loss may limit 

the filter run time. 

¢ Utilizing the natural oxide coatings on filter media can eliminate KMnO4g 

addition and reduce head loss buildup within the filter. 

¢ The removal of manganese by adsorption and oxidation on the surface of 

oxide-coated media is a viable, functional treatment mechanism. 

¢ Pre-coated media did not offer soluble manganese removal advantages over 

the naturally oxide-coated media which rapidly developed during normal filter 

operation. 

¢* The Nakanishi model can help predict the removal of soluble manganese by 

adsorption and oxidation on the surface of oxide-coated media and is useful 

in the design of filters for continuous Mn(I!) removal. 

° A linear adsorption isotherm effectively predicts the performance of filters 

operating in an intermittent regeneration mode and is useful for treatment 

plants which cannot apply chlorine continuously to their filter applied water. 

110
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Additional research should examine the linear isotherm behavior for 

Mni(Il) removal using intermittent regeneration. By more closely investigating 

the adsorption process of Mn(Il) onto the oxide-coating, a less empirical model 

might be utilized. Ideally, one unified mathematical model would predict Mni(I!) 

removal both in a continuous regeneration mode with the addition of Cle and 

also predict the breakthrough profile when an insufficient amount of chlorine (or 

none) was added to regenerate the adsorption sites. At this time, two separate 

models are necessary to satisfy these conditions. Through relaxing some of the 

steady state assumptions of Nakanishi’s model, this unified model might be 

attained.
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