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ABSTRACT
Anaerobic reactors dominated by sulfate reducing
bacteria (SRB) are capéble of precipitating and separating
heavy metals fggm plating wdstewater. fhe use of such a
.+ reactor requires the suppleméntation of the wastewater with

organic matter and sulfates. The SRB bacteria within the

reactor consume the organics and reduce the sulfates to

produce sulfides which precipitate the heavy metals. A
wastewater treatability experiment has shown that soluble

opper, nickel and zinc could be precipitated at-

efificiencies of 99.0, 80.1 and 91.6%, respectively.

Ef{luent from theLreactor contained scoluble metal

conceNtrations which were always less than 1 mg/L. Total

-~

separation, except for zinc, was high enough to

maintain an effluent which satisfied the suggested discharge

limit ., of 1 mg/L. re

—

Futher study of the operation of the reactor at various
hydraulic retention times (HRT) between 6.5 and '59.5 hours |
demonstrated that BbD and COD remoQal, sulfate consumption
and reduced soluble sulfur production and heavy metal
separation are all functionélly dependent on the HRT. As
expected, soluble metal precipitation>effiqiencies‘we£e not
dependent on the HRT when excess sulfides are presqgg..
Effluent qualitj was comparable with thesireatabiliﬁy study

results. Effluent redox potential was found to correlate

with the reduced soluble sulfur concentrations.

r
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I. INTRODUCTICON
The environmental effects of metals in water and
wastewater range from beneficial through troublesomne to
dangerously toxlic. Scme metals are essential, cthers may
adversely affect water consumérs, Qastewater treatment_

systems, and receiving waters. Some metals may be either

reneficial or toxic, depending on their concentration [1].

&

In Canada, effluent discharge regulations have been
iﬁplemented to protect the environment from the impact of
metals. Discharges of metal contaminated wastéwater into
local sewage systems are being controlled by individual
municipalities. For example, the City of Windsor, Ontario
has passed by-law, 8319 enforcing strict sewage gquality
discharge into sewers. Provincial and federal regulations
have been written for controlling the effluent discharge
inte the environment.  The Ontario,Miﬁistry,of tﬁe
Environment [37] has requirements under the Ontario Water
Resources Act which'liﬁits the maximum levels of wastewater
constituents which are allowed for direct discharge, while
the Departmeht of Fisheries and the Environment regulates
provinces and territories which do not have their own

regulations. Table 1.1 lists the permissible limits for

-»

L
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metals in wastewaters.

Studies have shown thaﬁ the untreated discharges
criginating from metal_plating processes exceed regulation
limits {3]. Table 1.2 lists the constituents typically
found in such wastewaters. Most of the constituents are the
heavy metal ions Which originate from three main sources:
the dumping of plating solution, the spillage and leaks ot
plating solution and product rinsing [20].

Compliance has required the implementation ot one or
more treatment technigues. These treatments are’categorinod
into: recocvery and sclids removal. Recovery techniques are
treatment methods used for the purpose of recovering or
regenerating process constituents which would otherwise be
lost in the wastewater. 1Included in this group are
evaporation, 1ion exchangé, electrolytic recovery,
eiectrodialysis and reverse osmosis. Scolid removal
tthniques are employed to remove metals and other
pollutants from process wastewater to make the waters
suitable .for reuse or discharge. These methods include
hydroxide and sulfide precipitation, sedimentation,
diatomaceous earth filtration, membrane filtration, granular
bed filtration, peat adsorption, inscluble starch xathate
treatmént and floatation [10].

N An alternative to these methods would be the metal
precipitation implemented in a reactor developed by Wong .et

b

al {53]. This process removes heavy metals from sludge



e
e

Table 1.1: Effluent Metal Limits Set by the City of Windsor,
ontario Ministry of the Environment and

-

Environment Canada [19,37,55] \
Metals City of Province Environ-
(ng/L) Windsor x of ment
Ontario t Canada ¥
I iI ' )
Cadmium 2.0 0.5 0.0001 1.5
Chromiumn 5.0 1.0 1.0 1.0
Copper 5.0 1.0 1.0 1.0
Lead 5.0 1.0 1.0 1.0
Mercury 0.1 0.03 0.001 -
Nickel 5.0 1.0 1.0 2.0
Tin 5.0 1.0 1.0 -
Zinc 5.0 1.0 1.0-- 2.0
I - less than 500 000 litres per day usage
I1 - greater than 500 000 litres per day usage
- For discharge into sanitary sewers

1 - For discharge into receiving water bodies



Table 1.2:

Principal Constituents Typically

Plating Wastewater [17]

Found

in

co# oy -].
Plazing Plasing : Plazing | Plating COTCLn‘rl
Censtituent |on Steal | on ling { on ‘on Ancdisingl BYIORS ..
| Casting ljgrass Plastic mg/ | |
+2 v |
Fe x | o
+7 : : ‘ ‘
Cu x (1) < ! % \ x t 5-50 E
nite % i X % X ‘ x X 1' 2-15 L
cr ° X * 1 X l X X ]10-\:0 !
- .
+3 !
Gr X % ‘ X x x 10.1-1 g .
z *
zn’* x (2) x 10-so b
+2 4
cd x (3) 10-50 \
-
sn 2 x (%) X 0.1-20 ‘
b
-1
CH x {5) x X o 1-50
50y, X X X x X 15-25
¢! X x X 1-250
-2 .
C03 X x X b4 i0-50
.~ 2 Y. ) 2
Sl3 b x > % 30-40
POLB x x " 20-50
Organics X P X X g.1-1.0

Mote 1) When

2} Yhen
3) When
4) When

5) When

copper plating is used.

zine or brass plating is used.

cacdmiuvm plating 15

tin plating

13

fuscd.

used,

copper, zinc, brass or cacdmium plating are used.



slurry by first solubilizing the heavy metal solids,
éeparating the metal concentrate supernatant from the slurry
and then precipitating the heavy metal by means of an i
anaerobic reactor. Further work encompassing only the
anaerobic reactor found it capable of separating up to 50
mg/L of a combined concentration of cadmium (Cd), copper
(Cu), lead (Pb), nickel (Ni) and zinc (Zn) from a synthetic
wastewater. Efflu§£? quality in terms of metal content was
found to be in thefparts pq;,b%%i%on (ppb) range.
Recommendations from this study suggested experimental
verification of the system capability in treating industrial
wastewater for regulatory compliance and the determination
of the operational parameters which influence. the treatment
of the wastewater. | -

The objective of this study was fo prove experimentally
that the process would effectively treat industrial
wastewater to comply with regulations. Also, the effecté of
hydraulic retention time, a major opérational parameter in

sizing the reactor, on metals separation efficiencies was

determined. The scope of this study was to:

-
Il

(1) characterize the wastewater from a local plating
plant, Univeral Fasteners, and determine whether
nutrient supplements were needed for anaerobic

treatment of the wastewater;



(1i)

(1ii)

(iv)

(v)

(vi)

determine whether the process could treat the -
wastewater and comply with requlations by
conducting a treatability study, and to estimate

the nutritional requirements of the process:

—_—

prove the existance of sulfate reducing bacteria
=
within the anaerobic¢ reactor and that the

wastewater feed supported their growth only:

detérmine the rates of organics and sulfates
consumption and sulfides production for different

hydraulic retention times;

determine the soluble metal precipitation
efficiencies, along with total metal retention as
a function of the reactors hydraulic retention

time; and

determine whether the redox potential of the ‘

- -

effluent is a parameter which? defines the activity

‘of the reactor in separating heavy metals.
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II. (EJ&%RATURE REVIEW

Investigations regarding the toxic effects of heavy

metals oh anaerobic digeétors ar; as far back as the

-1920°'s {23]. Lawrence-and McCaity [26] found biogas
production by anaerobic digestors under high heavy metal
loadings was dependent on the presence of sulfate, the
precursor ﬁsed by sulfate reducing bactefia (SRB) for
sulfide pfoduction. sulfides precipitated the toxic heavy
metal ions which were presént in the influent wastewater.
Hayes and Theis L23]'studied'£he distribution of heavy
metals in an anaerobic slu&ge stabilization digestor. Their
experiments confirmed Lawrgnée and McCarty’s observations of
metal influence on biogas productidn. In addition; it was
demonstrated that high metal loadings caused a drop in the
percentage'of methane in the biogas and subsequent
accumulation of intermediate orgénic acids substrates within
‘the reactor. This accumulation was less at shock loadings
because of rapid toxification of all active‘bacterial forms
'in the digestor. Further testing gave results which allowed
the ranking of the metals in order of toxicity on a molar

basis. Nickel (Ni) was the most toxic, while copper (Cuj,

lead {Pb), chromium (Cr), zinc (Zn) and cadmium (Cd)



followed in order of toxicity. Heavy metal behaviour was
found to be controlled by the solubilities of inorganic
precipitates and sorption onto and subsegquent incorporation
?ﬁ metals into the digestor biomass. A suggested method for
theé control and minimization of the impact of heavy metals
was theyaddition of more precipitate Yrigands such as
sulfides.

DeWalle et ;;. [(13] studied the heavy mgtal removal
efficiency of a complé%ély mixed anaerobic filter. Their
study used a feed which consisted of a high chemical oxygen
demand (COD) and a low sulfate feed. Metal precipitates
formed within the reactor were found as sulfides, carbpnates
and hydroxides that deposited at the bottom of the reactor
as a slurry. . A decrease in the removal efficiency and an
increase ih the élurry metal content was also oLserved when
the reactor hyd;qulic retention time (HRT) was decreased.
Additional -experiments by Chian and DeWalle [12] proved that

the process‘could separate heavy metals from a fatty acid

‘wastewater stream which *contained high levels of heavy

metals.

o

r

B

‘Rivera (45] found'the F;eudlich-type equation useful in

modelling the separation of heavy metals in an upflow
«anaerobic fixed film reactor (UAFFR). High cell sorption

dnd the preciﬁitation of metals as sulfides and carbonates

-~

were concluded as being the mechanisms for metal separation.

Overall, the process wés_@escribed as operating like an ion

BN

Ay

e
c



exchange column. The reactor was fed with a wastewater
containing nutrient broth and glucose having 2000 mg O,/L of
cop, 75 mg SO,./L of sulfate and dissolved zinc chloride at
levels. up to 1000 mg Zn/L.

Maree ané Strydom {30] employed an UAFFR for the
treatment of mine water with high sulfate but low metal
levels. The optimum operating retention time was 11 hr when
a stone packing was used: Speciation of effluent sulfur
compounds indicated that sulfides were the prime metabolic

endproducts existing at levels seldom exceeding 100 mg/L as

-
-

S while sulfites were typically less than 4.2 mg/L as SO5.
Wong [54] confirmed that an UAFFR reactor was able to
treat a solution containing up to 50 mg/L of each of,Cd, Cu,
Ni, Pb, and Zn . The synthetic wastewater used consisted”of
a ?igh CoD and a high sulfate feed supp}emented with macro
and micro nutrients. Digested metals were added to the feed
as the metal source.
A. Sulfidé Precipitation
studies using sulfide salts have demonstrated why
sulfide precipitation of heavy metals is advantageous over
other precipitation methods. The ‘advantages given by

McAnnaly [31] and Cherry [10] are as follows:

1. Sulfide has the ability to remove chromates ynd
dichromates without requiring the reduction Af chromium
to its trivalent state;

2. sulfide will precipitate metals with most’ complexing
agents; .
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3. sulfide precipitates exhibit less of an amphoteric
nature than hydroxide precipitates and have less
tendency to resolubilize; and,

4. lower sludge voldmes are associated with sulfide
precipitates when compared to hydroxide precipitate
sludge. ' .

Table 2.1 lists the solubility products for Cu, Ni, Pb and
“zZn s&lfides, carbonates and hydroxides.

Cherrv [10] summarized the current treatment @ethods
developed by the U.S. Environmental Protection Agency (EPA)
during full scale pilot plant studies. To date there has
been a limited use of sulfide precipitation techniques
because of their relative high chemical cost. [10] Most
recently, McAnally [31], Aldrich [2] and Elsenberg [15] have
attemped to make the process more econdmical by combining
sulfide salts with carbonates, i1ime and hydroxides.

B. Sulfate Reducing Bacteria for Sulfide Production

Sulfate reducing bacteria are regponsible for the

production of sulfide in anaerobic reactors. [26] The name

"dissimilating sulfate-reducing bacteria" is conventionally

b —

-

reserved for the class of microbes which use sulfate (so: )
as their terminal electron acceptor. [7] The respiratorial
reaction which all SRB fellow is: ..

2= 2= 2=

Sso, + 8 =S + 40 . (2.1)
This reaction only represents the overall metabolism of
sulfate. A pathway postulated by Postgate [42] is presented

in Figure 2.1.



Table 2.1:

Nickel,

Molar Solubility Products, Ks’ of Copper,
Lead and Zinc between 18 and 25 °C [33,49]
Hydroxides KS
9
Cu (OH) 5 1 x 10
_1a
Ni(OH) . 6.5 x 10
16
Pb(CH) » 3 x 10
-7
Zn(OH) 2 1.2 x 10
Carbonates KS
- 1 C
CuCo, 1 x 10
_—
NiCO, 6.6 x 10
14
PbCO,4 3.3 x 10
11
Znco, 1.4 x 10
Sulfides KS
48
Cu. S 3 x 10
36
cus &6 x 10
. 19
a-N1S 3 x 10
24
B-Nis 1 x 10
. _26
7-NiS 2 x 10
28
PbSs 1 x 10
. —2 4
a S X 1 L
22
B-ZnsS 3 x 10

11



A possible cyclic pathway for dissimilatory sulphate reduction. The sul-
phate ion, outside the cell, is accumulattd by a process which selenate inhibits
competitively. Once inside it reacts with ATP to form adenosine phosphosulphate
(APS) plus pyrophosphate (PP), a rcaction which only procceds to the right
because the pyrophosphate is removed as inorganic phosphate (P). APS is reduced
to sulphite + AMP. Sulphite dchydrates to metabisulphite which is reduced via
intermediates (the dithionite ion, S:04% 7, is wholly speculative) to give trithionate
(S3062 7). This is reductively split to give thiosulphate and to regenerate some
sulphite; the thiosulphate is reduced to give sulphide and more sulphite. Enzyme
preparations capable of forming the unbracketed components [rom the unbrack-
eted precursors have been isolated from Desulfovibrio specics and some [rom

Desulfotomac:lum,
i AN L4
1
50, Ml o5 ite ATP === APS + PP —— 2P
outside cell 1

[}
SeQ,r”
inhihits

15,0471
1

I~
l..C

'
15:04°7)
1 P
v
|
'

"5 5,0, ———— 5,0, ‘ ’
-t

Qe
oulside vell

Figure 2.1: A Possible Cyclic Pathway for Dissimilatory
Sulfate Reduction [42]

A

12



The sulfide ion, S , produpe&?would bg available to

react with any available metal present in the feed to form a
stable metal precipitates, as éxpressed by the following

reaction:

— 2+

s +M - Msi, - _ (2.2)

e

t2

A+
where M is any divalent metal ion. [45]

1. Metabolism

currently, there are eight genera of dissimilating
salfate—reducing bacteria recognized and they are
categorized into two-broad physiological sub%roups. The
first subgroup is the Desulfovibrio genera. This family is
capgble 6f-utilizing lactate, pyruvate, ethanol or{ce{tain
fatty acids as carbon and energy sources. The second
qenera; Desul fotonaculum specialize in the oxidation of
fatty acids, particularly acetates, whilé reducing sulfates
ts 'sulfide [7}. Reactions 2.3, 2.4 and 2.5 represent the
overall metasolic reactions useq by the Desulfovibrio |

subgroup’[dz].

—-— + j—

2 Lactate + SO, - 2 Acetate + 2 CO, + 2 Hp0 + §  (2.3)
. 27 2~ :

4 Pyruvate + S0, — 4 Acetate + 4 COp + s (2.4)

2 Ethanol + SO, - 2 Acetic acid + 2 HzO +°'S (2.5)

[

The Desulfotonaculum subgroup can only dissimilate aceta&es

as suown in Equation 2.6.



-y — —

Acetate + SO, . - HaO + CO. + HCOS + S (2.6)
From,theégﬁ%ets of metabolic reactions, it can be noted)that
a symbiotic|felation exists between the Desulfotonaculum and
the.Desulfovibrio subgroups for the utilization of organics.

All of the above metabolic reacticns are influenced by
the environmental conditicns. SRB are anaerobes, requiring;
anoxic condition for g;owth; the redox potential of their
environment must be within Eh of -150 to -200 mv_[qz]. SRB
are either mescphilic or thermophilic and are limited to a
pH range of 5 to 9.5 [42].

| A variety of minerals are alsg required for
bacterial growth. These minerals can be separated.iégo LWO
groﬁps, maeronutrients and micronutrients. They are used
primarily for the formation of cell membranes, enzymes,

" phospholipids, and nucleic acids. [7] Table 2.2 lists the

essential nutrients and categorizes them into two groups.

Table 2.2: Lists of Essential Macro and Micro Nutrients [7]

Macrcnutrients . Micronutrients
t

Phosphorous (P) Zinc (Zn)
Potassium (K) ' Copper (Cu)-
Magnesium - (Mg) . Cobalt (Co)
Calcium (Ca) Manganese (Mn)
Sodium (Na) Molybdenum (Mo)
Ircn {Fe) '

-



2. Inhibitors -
i

- ~
Most pacteria are inhibited by heavy metals such

-

as Hg, Cu, Ni, ana Zn. However, SRB exhibit gxéraordinary
resistance to high concentrations of these metals [{].
Postgate [42] has stated that sulfate reducing bacteria
sarvive by stabilizing the metals as sulfide precipitates.
Also, the high‘concentration of H.5, an int;insic toxin to
all living systems, will inh\bit or even stop growth unless
métal ions, nﬁﬁély ferrous -ions, are present for sulfide
precipitation [42}. Thus, for successful microbial growth,
metals mgst be present to control sulfide levels.

| A third inhibitor to SRB is oxygen (0:). Sulfate
reducing bacteria are g&rict anaerobes, unable to grow on or
use 0,, and often they are even killed by Q.. [7] Cyanide,

commonly Osed by the plating industry has been classified by

1. [7] as being-another bacterial inhibitor, but

Brock et
it is not specifically stated whether cyaniées inhibit SRB.
Postgate described the effects of a nﬁmber of inhibitors on
SRB but did not mention the e£fects of cyanide on SRB [42].
C. Filter Design

RecerntIy, reséarch has focused on designing anaerobic
reéctors, mostly for the reduction of COD and to enhance the
production of methane. Downflow anaerobic fixed film
reactors (DAFFR) were developed by Samsocn, vaﬁ den Berg and
Kennedy ([47,48,52] while Guiot and van den Berg (22] used a

combined upflow anaerobic fixed film reactor-upflow
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anaerobic sludge blaﬁket reactor (UAFFR-UASBR) for sugar
-waste treatment. Riera et al. {44] studied the use of
upflow anaerobic sludge blanket (UASBR) for the treatment or
étillage from sugar cane molasses.

Fiebig aﬁd Dellweg [15] compared the operaticn of an
UASBR to a combine@-UAFFR—UASBR and {found that the latter
design was able to treat an acetic acid waste with a higher
efficiency at a lower HRT. Dohanyoé at al. {14}, in their
comparative stuay—of the UAF?@, DAFER‘and the_  UASRB,
concluded that the UAFFR was less sensitive to inhibitors,
lower temperatures and fluctuations in lcad. These
observations were based primarily cn the reactor’s ability .
to retain biomass by allowing it to fix and accumulate on

the packing material within the reactor.



IIi. OPERATIONAL PARAMETERS AFFECTING HEAVY
METAL SEPARATION IN ANAEROBIC REACTORS

Biclogical reactors operate by favouring the
environment. fo} a specific bacteriolegical group and create
conditions to Nlow for the domination of one particular
bacterial species over others. Wong [54] studied the
effectiveness of SRB to separate heavy metals in an UAFFR.
This configuration [54] effectively retained biomass con }
packing material. Scale-up, however, requires knowledge of
tﬁé operat{onal paramefers which effect the retention of

biomass and produce sulfides from sulfates.

A. Reactor Configuration and Volumetric Flow Rate

The geometric configuration and volumetric flow rate
are important fac%érs.in evaluating the reactor’s ability to
retain bilomass. The c;oss sectional area, the volumetric
flow rate and packing porosity“%re the parameters which
determine the superficial velocity. An increase 1in
superficial velccity hés,a positive influence on mass
transfer between the wastewater and the biomasg. However a
negative effect on biofilm thickness results since an
increase in the rate‘of biofilm sloughing occurs [5,25].

The reactor packing also influences performance by

17
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affecting the reactor’s ability to retain biomass. Biomass
requires a surface for adhésion. An increase in reactor
total internal surface‘grea will increase biomass
accumulation [48]. Adhésion of biomass to the surface
produces a biofilm which covers the packing material. The
thickness of this biofilm has been found to be a function of
the superficial velocity, packing configuration, size and
the type of material used for packing fabrication.

Increased plugging can occur with an increase in packing

surface area [5,25,48].

B. Hydraulic Retention Time

Hydraulic retention tiﬁe is the expected time required
for a particle of fluid to travel through the reactor or the
total contact time the wastewater has with' the biomass. By
assuming plug flow, HRT is calculated by dividing the
reactor void volume by the Volbmetric flow rate. Hydraulic
retention time affects efficiency because both mass transfer
and metabolic kinetics, the tlo mechanisms governing the

production of sulfide, are time dependent.

C. Operational Temperature

All processes of growth are dependént on chemical
reéctions, and the rates of these reactions are influenced
by temperature. Thus the rate 'of microbial growth as well
as the total amount of growth can be affected by temperature
as shown in Figure 3.1. Mesophiles are characterized as

having an optimum growth temperature of approximately 37 °C
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Figure 3.1: Typical Effect of Temperature on Microbial
Growth Rate
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Figure 3.2: Typical Effect of pH on Microbial
Growth Rate
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while thermophiles have an coptimum growth at approximately
67 °c [4].

D. Optimal pH

For most bacteria and thus for most wastewater
treatment processes, the extremes of the pH range for growth
fall somewhere between 4 to 9. 'The optimum pH fqr growth
generally lies between 6.5 and 7.5. Figure 3.2 illustrates
the effects of pH on the growth rate [7].

E. Operational Redox Potential

The maintenance of SRB in a culture requires not only
the exclusion of air but also a redox potential (ORP) of El
equal to -100 mV or less. The presence of a redox-poiscning
agent is necessary; sodium and potassium sulfide are two
possible agents. For a large inocula, the production of
hydrogen.sulfide by the SRB is sufficient to maintain a low

reactor ORP [42].

F. Light Effects ' f’

Light is not required by SRB for growth but is required
b§ phototrophs. Phoﬁotrophs produce oxygen, a bacterial
inhibitor, which forces SRB into a dormant phase [42]. Thus,
the overall performance of the reactor would be affected by
the presence and growth of phototrophs.

G. Wastewater Characteristics

The concentrations of substrate, inhibitors and metals

affect the ability of the SRB to separate heavy metals.

——

Table 3.1 lists the constituents monitored by Wong [54)1 for
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the study on reactor performance when using a synthetic
;wastewéter. Organics, sulfate and micro and macro nutrient
content will influence sulfide production by limiting the
bacterial growth rate.

Inhibitors, like cyanide might also effect sulfide
production. As reported in the literature review, cyanide
has not been classified aé an inhibitor by Brock [7] or

mPogtgate {42)]. Metal loading affects the treatment process.
Metal loading rates which exceed the capacity of the reactor
by consuming all of the sulfide would decrease the reactors
resistance to dissolved oxygen and forcé the addition of a. W
redox poison to maintaln an Eh of less than the recommended

-100 mV [42].

Pable 3.1: List of Constituents Monitored by Wong During
Synthetic Wastewater Study [54]

Chemical Oxygen Demand cobD
pH L

< 2=
Total Sulfides - s
Sulfates so:
Cadmium cd
Copper _ Cu
Lead - : Ph
Nickel Ni
Zinc ' Zn




IV. EXPERIMENTATION

Experimentation proceeded in three phases:

] the preliminary study to characterize the
wastewater,

L the treatability tests, and

¢ the hydraulic retention time study.

A. Wastewater Characterization

Characterization encompas;ed a series of analytical
tests for evaluating the suitability of wastewater as a feed
for SRB. Chemical oxygen demand and biclogical oxygen
demand were used to estimate organic loadings. Sulfate was
determined since it is needed for SRB respiration.
Inhibitors such as cyanides and dissolved oxygen were
identified and quantified to determine the need for
wastewater pretreatment. Total and dissolved metal analyses
facilitated estimation of the expected metal loading rates

;nto the SRB reactor.

B. Treatability Study

The treatability phase used an UAFFR in order to
evaluate separation of heavy metals. .This reactor was one

of the two used by Wong [54] for a theoretical study of the

22
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system using synthetic wastewater. The feed consisted of
metal plating wéstewater which had been supplemented with
nutrients. Influent and effluent sulfates and organic
loading, and effluent acid-solable sulfides and
macronutrients weré monitored to determine production and
consumption rates throughout the-test. Effluént redox
potential (ORP) was monitored to check for a‘correlation
with other parameters such as sulfide production.

The operatiocnal parameéers: reactor temperature, pH,
redox potential and dissolved oxygen were n5£ controlled
strictly since the prime objective of this phase was to
demonstrate an aﬂility to treat the wastewater. The
hydraulic retention time was maintained at approximately 48
hr. Light energy was prevented from reaching the reactor to
prevent the growth of phot?trophs.

C. Hydraulic Retention Time Study

During the third experimental phase, the effects of HRT

on the heavy metal sepafaéion efficiencies were studied.

\
Hydraulic retention time was selected because it is a mﬁjor
economicj%actor in process implementation [6,54]. The
retention times ranged from 59.5 to 6.5 hours to include the
48 hour retentién time used by Wong et al. [54] and the 11
hour value :epofted by Maree and Strydom [30]. Table 4.1
summarizes the experimental HRTs used for reactor
performance evaluation. Note that the tests reported for

reactors identified as Al and A2, Bl and B2 and Cl and C2



were conducted on the same reactors, respectively.

Table 4.1: Selected Hydraulic Retention Times used
for Reactor Evaluation

Hydraulic® Retention Time (hours)
Reactor Test 1 Reactor Test 2
Designation Designation
Al 27.8 A2 6.5
Bl 38.2 B2 12.0
Cl 59.5 c2 24.4

The reactor pH, dissolved oxygen content and ORP
were neither monitored nor controlled because excessive
sglfide in the effluent indicated whether the process was
operating within the specified ranges. Reactor temperature
and feed pH were maintained within 25 + 1 °C and 6.5 to 7.5
rgspectively. Light effects were eliminated by using grey
PVC tubing.

Although metal separation was the main parameter
under consideration, soluble sulfide (along with other
reduced sulfur compdunds), sulfates, COD and biological"
oxygen demand (BOD) were also monitored in the effluent to
determine their productidn or consumption rates. Effluent
ORP was monitored to check for a correlation with reactor
performance.

D. Apparatus Used for Wastewater Collection and Treatment

The characterization phase required a composite
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wastewater sample representative of the wastewatEF produced
by a typical plant. The large saﬁple volumes required as
feed for treatability and HRT studies necessitated the
construction of a sampler which would deliver the wastewater
to a storage drum in approximately 30 minutes.

The treatability study employed one UAFFR while the HRT
study employed three UAFFRs which were similar in design to
the UAFFR used during the treatability phase. Corrosion
from sulfide was a major concern when selecting construction
materials. Ali reactors and supporting.equipment were
constructed from plastic or rubber [42].

5

1. Characterization Wastewater Sampler

A composite sample was needed for wastewater
characterization. Figure 4.1 illustrates the collection
system for a composite sample. The sampler consisted of
Tygon tubing, a peristaltic pump with a flow capacity of 0
to 363 mL/min and a 25 L carboy. The peristaltic pump was
calibrated to provide a flow rate of 167 mL/min in order to
collect apéroximately 22.5 L over a 2.5 hr sampling pericd.
The pump was calibrated employing the time required to
collect 150 to 200 mL of water ié a 250 mL graduatég
cylinder. Figure 4.2 indicates the 1oca;ion of the sampiing:
point in the Universal Fasteners plant.' This location was

selected because all waste streams converge there before

entering the wastewater treatment unit.
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2. Feed Water Samole;

Wastewater for the.treatabilipy and the HRT study
was collected at the same location used for the wastewater
characterigayion. However, the collection apparatus shown
in Figure 4.1 was modified to brovide the larger sample
volumes needed. The treatability and HRT samples were
coi}ectéd with ; flexible impeller pump using neoprene
tubing to provide a calibrated sampling rate of 18 L/min.

"The samples for the treatability study samples were
collectea once a week in four 25 L carboys. fhe samples for
the HRT studx were collected weekiy in one or two 200 L
plastic drums.

The feed samples were stored immediately in a cocol |

room at 4 °

C. [1]) Transportation of the samples was
conducted with permissicn from the Ministry of the

Environment as required under Regulation 309 (36,38].

3. Treatability Reactor and Supporting Eguipment ™

As illuitrated in Figure 4.3, the wastewater was
pumped from the 20 L glass tank to the inlet of the ré;ctor
by means of a variable speed pegistaltic pump. This pump
was calibrated on the_first day of the experimgnt and
checked on the 14th day for a flow'rate of é.97 mL/min that
provided the reactor with a retention time of 4§ hr.
Calibration of the pumping system was conducted by measuring

the time required for the collection of 3 to 4 mL of reactor

effluent in a 5 mL graduated cylinder.
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Figure 4.3 shows the dimensions of the reactor
used in the treatability study. The reactor was constructed
with an acrylic bedy and filled with 15.9 nm (5,8 inch}
plastic Pall rings. The exéerior @f the reactor was covéred
with aluminum foll to prevent light penetration.

Figure 4.4 depicts the gas collection system used
to capture sulfide and methane gases typically evolved in
anaercbic reactors [52]. The unit consisted of a cne litre
beaker containing an acidic solution (pH < 2) and an .
inverted 100 nL graduated glass cylinder. A "J" shaped
glass tube connected to the top of thé regctor with a 6.4 mm
(1/4 inch) rubber tubing allowed the evolved.gases to enter

the inverted cylinder. A liquid seal, shown in Figure 4.3,

prevented any gases from escaping with the effluent.

-~

4. Hydraulic Retention Time Study Apparatus and
Suppeorting Equipment

L]

The HRT study tested the UAFFR at different
volumertic flow rates. Two experimental runs were conducted
on each of the three reactors. The specificatiéns of the
three reactors were identical to those of the treatabilit?
reactor. Polyvinyl chloride (PVC) pipe‘of'loz mm (4 inch)
diameter was packed with 15.9 mm polypropylene Pall rings.
The porosities of the packing in the réactors béfore seeding
%'aré presented in Appendix I. Appendix I also providés the

residence time distribution (RTD) paraméters getermined by a

series of tracer experiments for a reactor which was similar
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in construction to the reactors used during the HRT study.

The reactors were séédea with anaerobic sludge
consisting of a mixture of 24% (by voluﬁé) sludge taken from
a SRB reactor previously used by Weong and 76% of anaerobic
sludge from the Chatham Sewage Treatment Plant. The redox
potential of this siudge was reduced to the range of -150 to
-200 mV as specified by Postgate [42] by adding potassium
sulfide. |

The temperatures of-the reactors were maintained
at 25 + 1 °C by placing them into a 322 L constant
‘temperature bath to eliminate éémperature effects on reactor
efficiency while studying the effects of hydraulic‘fetention
time. ' 7

Two changes were made to the supporting apparatus.
The gas collection unit was éliminated because no gases
evolved during the treatability study. Sampling units were
used to collect the liquid effluent at any time. Figure 4.5
‘illustratex the flow path through -the liquid sampler. The
actual retention time for the;samplers ranged from 16 to 190
;inutes. In.view of the high dispersion in the sampler each
sample was representative of the reactor’s output for the
sampling period. Since the HRTs were much large; than the
séﬁpling peroid, it was assumed that each sample was
repreéentatiVe of the reactors output for'fhat day. -

Appendix II presents the effluent retention times for the

sampler when subjected to the HRT study’s highest and lowest



e

|

Zffluent —m ¥ ] AT Vent
Tnact Lo /
\I .
‘ T
T
€3.8 m — Jl'
0.0. ) p— E §
|
. I
' { !
: !
9.5 o o STT
Tyeen Tubing
260 ™
|
° \ Effluent Qutlet
Sanple Qutlet 2 I
. - )
7

Figure 4.5: Effluent Collecting Apparatus

33



volumetric flow rates. Collection of a sample for analysis
was accomplished by opening the alr vent on the top of the
sampler and d:&ining the treated w&stewater sample from the
b;ttom cf the sampler unit. The air venf was then closed
after the'removal of the sample in order to prevent any
losses of volatile sulfide.

E. :Method of Analvysis

The initial characterization of the wastewater and the
reactor performance evaluation for heavy metal removal
required the analyses summarized in Table 4.2. The testing
frequency, aliguot size and number of analyses conducted
throughout the three phaSes:are noted alse. All tests
conformed to "Standard Methods" (STMD) (1] except for the
ORP and acid-soluble sulfide measurements. All reagents
.used ﬁere-ACS quality unless otherwise specified.

Samples for the treatabilty study were taken by
collecting the needed aliqubt in a beaker just before the
test was to be performed. The 'HRT samples were withdrawn
from the sampler as they were needed.

e

1. Chemical Oxyvgen Demand

The chemical oxygen. demand (cob) test is used to
determine the total oxygen démand of wastewaters. This
measurement of organic content’ is determined by having a
strong oxidi?ing agent convert all organics into carbon
dioxide and water. Interferences occur when inorganics such

as sulfides and ferrous ion and nitrites are present and are

3 ) ¢
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oxidized with the organics. The open reflux method, STDM /(}
508 A [1] was employed for CCD measurements.

Influent and effluent COD measurements provide a
measure . of the reactor’s overall organic consumption rate.
In this study measurement of infiuent and effluent lactate
content would have been a more accurate measure because 1t
is the organic supplement added to the wastewater. However,
for future studies invelving the mixing of organic
wastewater, as a second wastewater stream, with the metal
plating‘wastewater as feed for the reactor, the organic
content of this second wastewater stream would be quantitied
by measuring its COD and biological oxygen_demand-ratQ¢r
then measuring the individual conceptrétioas of organic

species which may be present. For this reason COD

measurements were deemed to be in appropriate in this study.

2. 3ioloq;ca1 Oxygen Demand ,
Thé Bob test is used as an indicator similar to
the COD fésf. Biological oxygen demand measures the amount
of oxygen required by bacteria while stabilizing
decomposable organic matter under aerobic condM™iops. This
analysis differs in‘that only biologicﬁlly degradable
organics are measured. Biological oxygen demand was
conducted according to STDM 507 [1]. The seed used in the
dilution water originated from the Chatham Sewage Treatment

Plant.

The BOD results are only considered to be an

</
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estimate of.the total organic content of the wastewater
because biological degradation of organics follows
first-order reaction:kinetics. A five day incubation period
has been found to allow for the consumption of only 70 to 80 .

percent of total organics [49].

3. Sulfates

-

Sulfates, S0, , are used by the SRB for
respiration”as‘shown in Equation 2.1. Analyses were
conducted by turbidimetric method described by STDM 426 [1].

4. Sulfides

Sulfides are the metabolic products of SRB
respiration. The Smittenburg et al. method for acid-soluble
sulfiée analysis [50], as recommended by Wong [54], was
employed during the wastewater characterization phase and
during the treatability study. This method required the
digestion of the sample with 1:1 (volume ratio) hydrochloric
~acid which caused the decomposition of monbgulfidic sulfur
compounds [50];

It was decided after the treatability studyﬁfhat
soluble sulfides would give a better indication of the
reactor’s capacity for séparating heavy metals éince
acid-soluble sulfide analysis would overestimate this
capacity by including sulfides which are already bound to
me£éls. The Iodometric Method, STMD 427 D fl] for soluble

sulfide analysis required pretreatment of the sanple. The

STMD 427 A [1] pretreats the sample by flocculating and
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removing any suspended solids. The iodometric method has
the inherent problem with intefference from sulfite and
thiosulfates which may be present in the wastewater [1]. As
indicated.in the Literature Review, this interference is
expected'to be minimal as was found by Maree and Strydom

[30]. Figure 2.1 gives the po?tulated sulfate reduction

pathway and shows that thiosulfates and sulfite are

metabolic intermediates. Maree and Strydon found sulfite at

low concentrations relative to sglfide levels. Because of
this interference the sulfide results are reported as
reduced soluble sulfur.
5. Metals

Total and soluble metals were the main parameters
studied during the three experimental phases. Table 1.2
lists\the most common metals used by the metal plating
industry. However, only copper (Cu), lead (Pb), nickel (Ni)
and/zinc (Zn) were used by Universal Fasteners and were
found in the rinse water. The samples for total metal
énalysis were first digestéd as per STMD 302 E , Nitric
Acid-Sulfuric Acid Digestion tl] and then analyzed on a
Beckman Spectraspan V Plasma Spectrophotometer. — S

Instrumentél detection limits were determined each
ﬁime the plaéma arc spectrophotometer was used. See

Apbenaix IV for details. Hence, each run produced different

‘limits of deétection (LOD). The method used for calculation

of the limits of detection is detailed in Appendix IV:



6. Redox Potential

The measurement of effluent redox potential_(ORP)
indicates whether the reactor is operating within the
speéifided ORP range. Measurements were conductéd in a
sealed vessel in which the soluticn cbﬁpleted the circuit
between the platinum and caloﬁel electrodes as shown in
Figure 4.6. The empty vessel was first purged with nitrogen
gas to prevent any interference by oxygen [41,42]. A single
point verification of the electrode response was conducted

using a pH buffer solution saturated with quinhydrone.

“ .In the treatability study, ORP readin&s were
recorded afte} 5 to 10 minutes to allow the system to reach
equilibrium. However, the.instability of the instrumental
response éignified that thewrecofded results were.
inaccurate. It was;discovered that the electrode required
over one hour to reach equilibrium. To ensure consistencyA
all meé;urements were conducted after ten minutes. This
time period ensured an ORP measurément of at least 95%
relative equilibrium response. -The effluent was introducedl
into the nitrdgen purged ORP measuring vessel. After
filling the vessel to the ievel shown in Figure 4.6, Ehe
sample was stirred for one minute only. Stirring
homogenized the sahple,»but was limited to one minute to;
prevent excessive ibsses of dissoived_gases which would

change the actual ORP vilue of the effluent f41]. A reading

was taken after nine additional minutes. Appendix ITII
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presents further details.

7. Mineral HNutrients

The tests for the macrongtfients listed in Table
4.3 were conducted several- times during the treatability
study. These tests confirmed that an éxcess of
macronutrients existed and that the nutrients woulq'not
repress microbial growth by becoming the limiting g;owth
factor. / | ’ |

o _ o ,
8. Inhibitors '

Table 1.2 lists the majof const; pts found in
metal plating wastewater. Of these onlyftizbi}anides were
suspected as a possible inhibit&r. Results of Ehe cyanide
analyses duringfthe.characteriéation phasérindicated ne

further testing was necessary. Total'cyanides were tested

by first distilling the sample.according to STMD 412 B and

. _ . -
“then titrating it with silver nitrate.as deﬁg;iﬁéd by STMD
. ) . ¢ ‘
\

412.C, Titrimetric Methods [1].

Dissoclved oxygen was alsp tested during the

characterization phase and the first few weeks of the

”

-

treatability study. Since the reactor showed no signs of
failure Erom dissolved oxygen, ﬁo further testing was
éopducted. Measuremenfs were performed by using a
calibrated dissolved oxygen electrode as per STMD 421 F,
Membrane Electrode Method,[l]i calibration of this

electrode was performed before the characterization phase,

and at the beginning of  the treatability study, Test 1 and 2

4



of the HRT phase usigg the STMD 421 B,:'Azide Mcdification

é .
71]. This probe was also used for dissolved oxygen analysis

during BOD determination. £

9. Alkalinity, Acidity and gﬁ.
. The intensity of the acid or alkaline condition of

the wastewater is expressed by its pH {49). This pH is an
important growth parameter for bacteria. Alkalinity and
acidity measurements indicate the amount of acid or base
required to neutfalizg the solution to insure a proper
micrébial environment. Thrcughout the‘tfeatability test pH
was measured according to STDM 423 [1] for wastewater
characterization. The alkalinity test, STMD 402 [1], was
employed only du;ing the wastewater characterization phase.

Acidity analysis was never conducted because the wastewater

always had a pH value greater than 7.

F. Wastewater Nutrient Supplements

Table 4.3 lists the organic and miﬁeral nutrients agdeg

. to the wastewater. The characterization study indicated

that some nutrients wére insufficient or lacking to sustain
SRE growth. For this reason, supplemeﬁtal nutrients were
;dded to the wastewater. The recipe used was a slight
modificatipn of that given by éostgate; and accomodated the
needs of both Desulfovibrio.and-Desulfotonaculum subgroup

bacteria. Calcium was eliminated from the treatability

recipe because of the difficulties in dissolving it in the

presence- of high‘ﬁhosphates in the feed. Pheosphates were

14



added as a mixture of mono- and di-basic phosphate te- buffer

rhe solution to a pH of 7 [1].

Table 4.3: List of Nutrients used to Supplement Wastewater

Constituents - Synthetic Treata- HRT
. [g/L] bility
Sodium. Lactate 3.5 3.5 0.5
Na.SO, 1.5 1.5 1.5
(NH, ) 250, 1.5 1.5 1.5
MgS0,°7 H:0 2.0 . 2.0 2.0
. KH. PO, 0.084 0.084 .- 0.084
K- HPO, 0.2072 0.2072 0.2072 /
0.39591
Na.HPO,*12 H,O 0.4045 0.4045 0.4045 /
‘ - 0.0
CaCl,*2 H:O - - 0.1324
T —.increasgd to compensate for a decrease 1in
sodium phosphate

Observations from the treatabilitf study allowed for

s:;L modifications to the recipe. They in&luded an additien
of calcium and a.reduct;on of organic supplement.' The
organics were always in excess during the treatability study
and for this reason the amount was lowered to approximately

0 times the stoichiometric amount needed forfthé \
precipitation of theli?ur metals. Other nutrients such as
sulfates, were also present in excess but they'were

maintained at that level because of the possible
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difficulties which would cccur in the analysis of the
reactor data if a ﬁailure cccurred. ‘Too many changés would
not have allowed for the determination cf the factor causing
failﬁre. For this reason, calcium was added even thcugh the
treatabilify study showed no cperational probléms due to its
absence. Addition was possible by first making phosphate
buffer and calcium concentrates and thenfaddinq them to the
feed supply.

Feed for'the treatablilify and the HRT studies was
pfoduced by taking one or twe day’s supply of wastewat%k and
mixing in the required nutrients. fhe supplemental
chemicals were of technical gréde or better.

A synthetic‘feed was used for a 12 day period for
bacterial activation before starting the treatability
,experiTeﬁts. The synthetic feed was produced according to
the specifications given in Table 4.3 and supplied to the
reactor at a rate of 3 mL/min. The firét HRT reactor run
was activated in a similar manner for 7 days prior to the
start of the experiment. The second run was activated-b?
feeding the reactor suppleménted wastewater at the same
volumetric flow rates as the first run- for a period of 14
days. |

At the end of the HRT experimental runs, spikes of
50 mg/L of each of Cu, Ni, Pb, and Zn were added to a two
day batch p?'feed water. Thes2 spikes were used to

.

determine‘bﬁe résponse of the reactor to sudden high loading
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rates of heavy metals. Spiking simulated a spillage of

plating waste solution which may occur during plant

)

operation. .



V. RESULTS AND DISCUSSION

The characterization phase ingﬁcated that the

e '
'

wastewater would have to be neutralized and supplemented
with nutfients before treatment. The types and amounts cof
nﬁtrients add were based on Wong et al. [54]) studies. The
treatabilitf study showed an excess of all nutrients and.
excessive production of sulfides, which indicated that these
were not the limiting factors for process control. The HRT

study was éubjected to the same feeding recipe except for a

.
-

reduction in organic supplementation to determine anuoptimum
oberation retention time for effective wastewater treatment.
A. Characterization Results

The wastewater characterization results are presented

1}

in Table 5.1. These results are comparable with the
Environment Canada a?erages [17] p;yvided previously in
Table 1.1. '

The industrial wastewater was found to have low organic
content, a BOD of 13.4 mg O, /L énd a CoD of 68.0 mg O;/L.
.The COD to BOD ratio was 5 to 1 which is much higher than
the typical 2:1 ([6]. This difference is postulated to

result from interferences with respect to COD and BOD

measurements. Reduced inorganics will cause an
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Table S.1: Wastewater Characterizaticn Results

Concentration
Constituent Concentration after 7
days x
Temperature (°cy 2 -
pH 10.83 10.62
ORP (mV) 199.4 192.4
Conductivity (mmho/cm) 1.68 1.72
1)
Alkalinity {mg CaCO5/L)
as carbonate 538 -
as bicarbonate 21 - !
Ammonium (mg N/L) 4.11 1.62
BOD - (mg 0./L) 13.4 6.68
Cyanide (mg CN/L) 0. -
coD (mg 0./L) 64.8 41.7%€
Chleoride ~(mg/L) 86 -
Dissolved (mg O,/L) 6.95 -
Oxygen ’
Nitrate (mg NO,/L) 14.2 24.9
Sulfate (mg SO,/L) 64.8 -
Acid-Scluble (mg S/L) 0. 0.0
Sulfide
Solids {mg/L)
: = " —
Total Suspended 110 145
Volatile Suspended 61 134.5
Fixed Suspended 49 10.5
Total Dissolved 1233 -
=== — == = —
Metals {(mg/L)
Sol. Tot. Sol. Tot.
Copper 0.568 7.26 - -
Lead <LOD <LOD - -
Nickel 0.393 1.30 - -
Zinc 0.74 14.28 - -

x - Sample stored for seven days at 7°C
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overestimation of COD content (in terms of o}ganics} while
high metal and sulfaﬁe concentrations will inhibit the
biologiéél oxidation of organics during the BOD testing.

Sulfates at a concentration of 68 mg S0,,/L were three
times higher than the zgpected norm, although not‘higﬁ
enough to produce sufficient sultides for wastéwatef
Ereatment. According to the loading values for the four
metals, a minimum of 34.1 mg SO./L and 17.1 mg O./L as COD
are needed for their separation as sulfide precipitates,
based ©n the experimental COD value of 578.3 mg O./L per
gram of fl %¥ sodium lactate. However, these levels did noﬁ
meet thé growth needs specified by Postgate [42] so
supplemental nutrients (Table 4.4) were added according'tc
the recipe given by Wong et al. [54].

The high pH of 10.8 for the wastewater was attributed

to the cyanide wastewater pretreatment illustrated in Figure

'
-

4.2. The high pH was responsible for the low levels of
soluble metal ions summarized in Table 5.1. This pH level
was too high to support SRB growth according to Postgatg
(42). Hence, the pH was lowered to the optimum range of 7
to 8, by adding either sulfuric acid or hydrochloric acid.
Since the wastewater feed-had to be stored in a cooler

°© ¢ until needed,‘tests were conducted to debgrmine its

at 4
stability over a one week period under similar conditions.
The characterization sample was stored at 7° C and the

results obtained from the analysis are reported in Table 5.1



Significant decreases in BOD, COD and ammonium éontent were
found with appreciable increases in the nitrate and volatile
suspended solid contents. The bacteria content within the

' wastewater increased and were of the nitrifying type.
Nitrifying bacteria ‘are psychrophile which can survive high
pH environments [7,8). These results show that the sample
is unsteble at 7° C which is \qnly 3° ¢ higher than the
‘accepteT storage temperature at which no bacterial growth
occurs fﬁl) )

B. Treatability Studv Results

The treatability study demonstrated the domination of
SRB in the reactor. Efflu?nt OéP measurements indicated
that the reactor was in aﬁzeduced state. Although, effluent
ORP levels were slightly underestimated, as discussed in
Appendix III, their magnitude provides an estimate of the g
actual levels. HNo dissolved oxygen was found in the
effluent. The ORP and dissglved oxygen levels, shown in
Table 5.2, indicate that the growth of anaerobid’bacteria\
within the reactor altered the wastewater character®stics to

suit their growth needs.

Table 5.2: Redox Potential, Dissolved Oxygen Content and pH
of the Effluent throughout the Treatability

Study ) he
Parameter Day of Test Range
ORP 3,7,9,14,18 -155.6 mV to -193.6 nmV 7/
Dissolved 2,8,14 < 0.5 ppm O, *
oxygen
pPH ' 2,8,14 7.10 tp 7.74

x - limit of detecticn

v
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No methane gas evolved during the study. Methogens,
when preseg; within a culture, produce methane [7], but the
lack of captured gases throughout the 18 day study period
indicates their absence. Thidf absence of methogens is an
unigque observation since other studies reported in the
literature survey had methogens co-habitating with the SRB.
This phenomenon can be attributed to two documented facts;
SRB have been found to dominate over methogens when both are
subjected to an anaerobic environement [7,42]: and the
wastewater high metal loading can inhibit methogenic growth
[421.

The sulfide production concurrently with organic and
sulfate consumption, as shown in Table 5.3, is a trait
indicating SRB growth. The absence of hydroéen sulfide gas
is attributed to the high buffering capacity of the
phospha%g nutrient supplement. Th; pH of the effluent was
always within the range 7.0 to 8.0. The plot of basic
hydrogen sulfide dissociation vérsus pH, as presented in
Figure 5.1, indicate that less than 50% of all soluble
sulfide radiéals exists as H:S. . :

Visual inspection of the packing material revealgz-

the presence of a slime iayer on the surface indicating that

the SRB were adhering to the packing terial surface.

1. Nutrient Consumption and Su

The influent and effluent sulfate concentrations



Table 5.3: Averaged Influent and Effluent Sulfates, COD,
BOD and Acid-Soluble Sulfide Concentrations

Average Concentration T Average
Constituent Percentage
Influent Effluent Consumption
ng/L mg/L (%)

BOD 803.5 .3 28.4

CoD 1832.7 nos.7 23.1

S0, 5692.'4 4486.5 17.7 ‘

s - 1323

Appendix IV

100

8Ct-

(%)

- Figure 5.1: Hydrogen Sulfide Dissociation Fraction, F, as

01k

a Function of pH [49]

51

Integral Averages from  Day 7 to Day 18, see
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are illustrated in Figure 5.2 for the 18 day study period.
all treatability constituent plots, including the sulfate
plot, presents the influent as etep inputs because each
plotted step represents the concentration of that particular
feed batch. The average sulfate consumption for day 7 to
Day 18 of the study perieod was 1006 mg S0,/L for an average

- converslon of 17.7% (See Table 5.3). Appendix IV details
oy he method used to calculate the constltuentsrﬂverages The
changes in the influerk sulfate concentrations over this
period were due to the addition of sulfuric acid for »
waetewater neutralization. The alkalinity of.the wastewater
' ?Hanged wpich qffected the amount of sulfuric acid neededfr
The similarity between. the two ‘curves indicates that ;he
influent sulfate content had little effect on the amount of
sulfate consumed and sulfates were not limiting the
bacterial growth.‘ The lag between the effluent and the
influent curves was attribu;ed to the residence time of the
reactor. | |

The BOD and COD removals were low, averaging of
28.4 and 23.1%, respectively. These low removal
efficiencies indicate an excess of organics in the influent.
Influent and effluent BOD and COD results are presented in
Flgure 5.3 and 5.4, respectively.

Effluent acid—soluble sulfide concentration is

illustrated in Figure 5.5. The acid-soluble sulfide

production increased throughout the 18 day study period.
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- This trend shows that the bacterla were slowly acclimatizing

-T ) ﬁo the environment and the process had nokh_reached a
pseudo—steady snafe. Pseudo-steady staﬁe operé;ion occurs
when the reactor producticn of total csulfide. ééches a
steady value for he,biomaSS'coﬁtent.‘ Exces aéid—sqiuple
sulfide throughéus-thé study period also indicates tﬁat the
reactor héd the capacity to treat a higher metal loading
\wpilehstill maihtaining)enough‘sulfide to compehéate for
disﬁolved ocxygen and conpeting metals ions, sucﬂ as-igon-
The presence of excess effrﬁénérgulfide poses an
effluent AispPSal problé@?because_of the feéulatcry effluent
'limits. For exampl?, the City of Windsor has set the liﬁits
for sanitary sewers at 2.0 mg HZIS/L for lesé than 0.5 ML/day
) was;éwater‘flow rate and 1.0 mg H.S/L for greater than 0;5
‘ML/day floﬁ‘rate RES].’ Compligndé cén be accomplished by
bypassing .some of the réw wastedater and mixing iéf;ifh the
effluent of the reactor in order to precipitate the
sulfides. o |
' The macronutrients were monitored in the efflueﬁt
to determine whether eXcess amountS'were'piesent. The
parameters tegteg were the soluble calcium, magnesium,
potassium, ammonium ahd phosphates. . Thé results are
summarized in Table 5.4. Micronutrients were not monitpfed.

/

because the tap water used in the plant contained sufficient

amdunts of th icy o ients [34].

”
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Table 5.4: Treatability Study Effluent Macronutrient
Concentratfion Ranges for Soluble Calcium,
Magnesium/ Potassium and Phosphates.

L ]
L]

| _ Nutrient ‘ _ I Day of Test Concentration

: -~ Range (mg/L)

calcium . as (Ca) 3,7,14,18 6.0 - 9.7

Magnesium as (Mg) | 3,7,14,18 72.8 - 102.6
Phosphorous as (PO,) 10 138.4 -

Ammonium as (NH,) - 2,7,14,17 243 - 340
Potassium as (K) . .3,7,14,18 60.6° - 72.6

2. Metal Separation Results

Figures 5.6 to 5.9, show the variation with time
- :

for total and soluble metfal ¢oncentratiohs in the ‘influent
-and-effluent.streams. Table 5.5 lists the average influent
and effluent metal loadings along witp the average |
percentage of'separation for fhe study pericd. Tha total to
soluble metal ratios for the influent and eff%ggnt are
_¢é%éented in Table 5.6. The characterization study
indi;ated that most df:the metals were inSAlublé._ The ™
influent ratios presented in Table'5.6 showed that the
reduction of the pH to neﬁtfality had liberated a large
percentadge of.the'total metals. Lead was the only.metal not
found as a soluble ign. This was due to tﬁe presence of
sulfa;es which were added as soluble salts to the
waﬁtewater. Lead.has a low solubility with respect tpi

. ' ™
sulfates. The solubility product (K ) of 1.6 x 10 =% (33] -
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ged Influent and Effluent Copper, Lead,

Table 5.5: Avera
" Nickel and Zinc Concentrations
Average Concentration (mg/L) Average
Metal v , Separation
Influent Effluent’ | Separation Percentage
y Total T
Copper 7.37 1.004 6.36 86.4
Lead 0.728 . 0.429 0.299 41.1
" Nickel 0.830 0.284 0.546 65.8
© Zing 5.97 2.88 3.10 51.8
Soluble &
Copper 5.84 < LOD x >5.83 99.9
Lead < LOD x < LOD x - -
Nickel 0.683 0.121 0.562 82.3
Zinc 3.58 0.298 3.29 : 51 91.7
1 - Integral Averages from Day 3 to Day 18
t - Integral Averages from Day 5 toc Day 18
LOD x - Limit of Detection a) Copper 0.008 mg/L
b) Lead 0.094 mg/L
¢c) Nickel - 0.011 mg/L
d) Zinc 0.282 mg/L
Table 5.6:.Soluble to Total Metal Ratios for the Influent
and Effluent. '
Metal Percentage 1in Influent Percentage in Effluent
Range Average Range Average
F)
Copper 34.8 - 97.1 82.0 0.4 - 8.4 2.6
Lead - - - -
. Nickel 8.5 =-100.0 73.2 26.7 - 53.5 42.2
Zinc 19.9 - 80.3 61.1 5.3 - 23.3 12.2
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indicates that most of the lead would be complexed as lead
sulfate.

Metal precipitation as metal sulfides separated
over 80% of the soluble Ni,-éz% of the soluble Zn and cver
99% of the soluble Cu. These precipitation efficiencies
confirm the results obtained by WOnQ et al., during their
study with synthetic wastewater. 'Precipitation reduced the
soluble metal concentrations in the effluent to very low
levels. The ratios of soluble to total metals in the
effluent provide additional proof that most of the soluble
metals had been érecipitated as metal sulfide. Total metal
concentrations in the effluent (Table 5.5) indicate that
most of the precipitated metals were retained by the
reactor. The only metal which exceeded 1 mg/L of total
metal in the effluent was zinc, averaging 2.83 mg Zn/L.
Thigavalue exceeds the permitted limits for sanitary sewers,
as summarized in Table 1.1. A settlingﬂcéémber or alternate
particulate separation unit would be required after the
reactor to meet this limit. Sizing of this unit wozld
lrequire the particle size distribution fof each of the four
metals when complexed as sulfides. /

.In summary, the treatability reactor for metal
separation was dominated by SRB. Sufficient sulfide are
produced to precipitate, soluble metals from the wastewater
and separaté them as metal sulfides. ,Ali metals, except

L

zinc, were effeétively séparated in the reactor to produce
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an effluent that was within the limits established by
regulatory agencies (Table 1.1). The effluent analysis
showéd that the organics, sulfates and macyonutrients were
not the limiting factors under these oparating conditions.
The highr degree cof metal seéaration and high acid-soluble
sulfide produqtion suggests that the reactor HRT can be
reduced. - Acid-soluble sulfide production was steadily
increasing during the study period, indicating that thé
reactoruhad not reached a pseudo-steady state. The excess
acid-soluble sulfide produced in the reactor can be used tc
precipitate additional amounts of the metals by bypassing a
part of the influent and mixing it with the effiuent.

C. Hydraulic Retention Time

The average nutrient consumption, reduced sulfur
production and metal separation efficiencies for each
reactor were plotted against the reactor’s HRT to determine
any correlat%ons. The HRT riaplts for Test 1'anleest 2 are
not compared becéﬁse Test 2 preceeded Test 1. The 74 days
during Test 1 and the intefval between Test 1 and Test 2A
allowed the bacteria to multiply and acclimatize themselves
to the metal wastewater. In addition, the wastewater
characteristics changed between Test 1 and Teét 2 because of
the daily variations in production at the plant. To
overcome these problems, Reactor C2 of Test 2 was operated.

at a HRT of 24.5 hours, which is close to the 27.8 hour HRT

used for Reactor Al during Test 1. .These similar HRTs



provided a continuity between the results produced by Test 1
and Test 2.

The influent and effluent compositions for  Test 1
and 2 when plotted against time are connected with straight
lines rather than step inpuﬁs because constituent
concentrations were not measured for every feed batch. The
conclusions drawn from the data are believed to be
acceptable because the three or four feed batches used
during each week originated from the same 7-day wastewater
sample. The nutrient supplementations were held constant
according the the recipe given in Table 4.4

1. Nutrient Consumption and Reduced Sulfur Production

The average influent and effernﬁ sulfate, BOD and
COD concentrations along with percentage removal and averagé
reduced sulfur production rate, before spiking, are .
presented in Table 5.7, fof Tests 1 and 2. All results%ié;;
tabulated in Appendié Iv.

a. BOD and CoOD Consunmption

The COD and BOD concentrations in the
influent feed and effluent (Reactor Al, Bl and Cl or as
Reactor A2, B2 and C2) are plotted as 5 function of time in
Figures 5.10 through 5.13. The average BOL and COD
percentage removal before.spiking, are plotted against tﬁe
HRT in Figure 5.14. These data indicate that the percentage
of organic conversion was dépendent on the reactor’s HRT.

The average consumption rate of organic matter decreased as
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th® HRT decreased, which is expected because consumption of
\ofganic matt®e is dependent on its contact time with
biomass [5].

Chemical oxygen demand analyses were interfered
with by solublé and complexed sulfides especially afte;
wastewater spiking during Test 2. The effluent COD
concentrations exceeded the influent concentrationé. This
observation is consistent with effluent total metal
concentrations which‘;ncreased in all cases after wa!'%water .
spiking.

The presence of reduced sulfide in the effluent
caused an over-estimation of the wastewater’s organic
content. Thus using COD measurements to estimate the
organic content of the wastewater would be incorrect.
Measuring BOD removal would not be useful either because the
BOD value has a large error associated with its measurement
(approximately 10% [6]) . 'Also it only provides a partial
measurement of total organic content. A more reliable
method of estimating the effluent organic content is needed.
Total organic carbon (TOC) may be used in’conjuction with
BOD and COD measurements to provide results which accurately
refl%St organic content. Biological oxygen demandland cobD
analyses are necessa}y because they are regulated parameters
while TOC 1is not. '

The effects of wastewater spiking on BCD '‘and COD

consumption cannot be interpreted because these parémetefs
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were not monitored daily Wastewater splklng was done on
Day 33 through pay 35 for both Test 1 and 2, while BOD and
COD testing was performed for Days 36 and 39 for Test 1 and
Days 36 and 40 for Test 2
b. Sulfate Consumption
. The time variation of influent and effluent

1

sulfates concentrations aqﬁ_pletted in Figures .15 and
T .

5.16, TFor Test 1, the influept and effluent sulfate levels
increased to the range 4000 to 5500 mg SO, /L on 'iva_ays 11 and
\TB; These elevated concentrations resulted from the use of
sulfuric acid as the wasﬁegeter'neuﬁralizing agent. After
Day 17 hydrochloric acid was subetituted as thefneutfalizinq

agent, to prodﬁce a feed which paéla'consistent sulfate
content., The average sulfate cdesemption was dependent ueon
the HRT of the Yeactor as showﬂ.in Figure 5.17l This
behaviour is ‘similar to that for the conversion of organics.
The influent and effluent sulfate concentrations show that --
wastewater spiking did not significantly effect the sulfate

comsumption.

c. Reduced Sulfur Productioe
Soluble reduced'sulfur effluent
cohceﬁtrations as a function of time‘fdr Tests 1. and 2 are
presented in Figures 5.18.and 5.19. In Test 1 there was an
initial drop of solyble reduced sulfur at the beginning of

the test and steady increase in production thereafter. Teis

can be attributed to a chanée in the feed. A synthetic feed
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was introduced intoc the reactor until day "zero" when the

industrial wastewater replaced the synthetic feed. Since

the bacteria were not acclimatized to the new feed the

progtction of reduced sulfur dropped. However, as the
badteria acclimatized they stafted producing a more
consistent level of redgced sulfur.

Thg excess of reduced sulfur throughout Test 1 and
Test 2 indic;tes that the reactor had the capacity to treat
higher metal locading rates then the lévels present 1n the
wastewater. Figure 5.17 shows the average effluent ;evels

-

of excess reduced soluble sulfur as a function of the
reactor’s‘ﬁé}. This plot démonstrates how reduced soluble
sulfur production inc;eased as the reactor’s HRT increased.
N During wastewater spiking, the reduced sulfur
levels fell drastically with the reduced sulfur
concentration in Reactor A2, operating at a 6.5 hour HRT,
dropping to near zero. This drop indicates that Reactor A2
was operating at full capacity and that further reduction in
HRT under these high loading conditions would consume all
the sulfides produced and thus eventually cause the reactor
to fail. Failure would occur 'because excessive sulfide
levels are needed for both pacterial growth and metal
precipitation.

2. Metal Separation Efficiencies

The average soluble and totai metal loading rates

are summarized in Tables 5.8 and 5.9. These values are

)
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average influent(and effluent concentratiors-before
wastewater spiking. 'Figures 5.20 and 5.21, respectively,
show the soiuble and .tctal metal precipitation and
separation efficiencies for the four metals. The overall
soluble metal precipitation efficféncies were not dependént

»

on the reactor’s HRT. Soluble metal precipitation

efficiency depends on the sulfide concentration

always in excess. Actual curves for nickel and zikc coul

.
A4 -

not be generated becauée effluent metal concentratidn—were
usually less than tﬁe LOD. The curves plotted for these
metals are tﬁe minimum efficiency curves because the LOD is
used for the determinatich of the precipitation
efficiencies:\“Total lead, .nickel and éinc separation
efficiencies were dependent on the reactor’s HRT. Total
metals, .as noé;d by DeWalle et al. [13], are relatea to the
suspended solids leaving the anaerobic filter (13). Thus,
total metal separation efficiencies ;re dependent on the
retention 6€ suspended solids.

Effluent metal concgntrations were comparéd to
suggested discharge limits for ;;EErio of 1 mg/L because
these limits are more stringent or cémparable to the limits

jproposed by the City of Windsor and Environment Canada.

a. opper Separation

Soluble copper had a'precipiﬁiii?n efficiency
ranging from-%98.5 to 99.7% for both tests. Copper had the

rnighest precipitation efficiencies when compared to the

-

S

+
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other metals. This observaticn can be attribdted to the low
solublility of copper sulfide, Table 2.1. Figures 5.22 and
5.23 present infiuent and effluent soluble copper.
concentrations for Tests 1 and 2, respeétivgly. Soluble
copper effluent concentrations were loé throughout the study
pkriods. This was expected_because excess reduced sulfur

as always present throughout the normal operation periods.
EOF both tests, effluent soluble-copper‘levels were below

1 mg/L.

The reactor was also effective in separating the

total copper from the wastewater. As noted in Table 5.8,
metal separation efficiencies ranged from 90.1 to 98.9% for
both tests. This high degree of’total copper'separation'ggs

obs ed by DeWalle et al. [13] who found that copper was

¥

assoclated with the largest particles within an anaerobic

reactor [13]. Larger particles means faster settling rates
wiEEEp/fae reactor  and better retention of these particles.
The concentrations—timé'curvés for total copper in Tests 1

and 2 are shown in Figures 5.24 and&égjsl) Except for .

Reactor A2 of Test 2, average total copper levels were below

1 mg/L.

4
15

Figyres 5.22 and 5.23 show that the spiking of the

wastewater caused no drastic changes in effluent soluble

dbpperb;;ptent*\hzgst 2 exhibited increases in effluent
concentftation for Reactorg A2 and B2 of Test 2, but these’

increased concentrations were still below the 1 mg/L limit.

-
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Five out of the six HRT reactors showed no‘changes in total
'cobpe: oufput when subjected to the-spike. Reactor A2 of
Test 2, operating at the lowest HRT of 6.5 hours, showed'an
increase\inhtotal metal effluent content from an average of
43 udg/L to over 7i mg/L.

b. Lead Separation

| Soluble lead was rarely detected in the
influent and effluent throughout the test period and is
attributed to the high levels of sulfates in the feed.
- Total lead influent and effluenf concentrations for Test'l
and Test é are presented in Figures 5.26 and 5.27,
rgspecéively. Ir Table 5.8 ﬁhe average'effluent'total lead
.concentration is found to be approximately equal to or
greater than 1 mg/L. Also,.the separatisn efficiencies for
lead ranged from 9.3 to 26.1%. Figure 5.21 graphs the
sgparation‘efficiencies as a function of the rééctof’é HRT.
'Thesé efficiencies’ indicate poor retention of total lead by
the, reactor. |

se T Subjecting the reactors to the spiked

wastewater_caused the effluent levels of total tead-to
increase as shown in Figures 5.26 and 5.27. Results from

Test 2 Reactor A2 show a poor retention for total lead,

similar to ¢ or total copper.

c. Nid®) separation
Soluble and total nickel”/precipitation

efficiencies are summarized in Table 5.9. Figures 5.28

.-
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through 5.31 shew the nickel concentraticns observed in the

influent and the effluent. Typical effluent levels for bcth
b

scluble and total nickel were below 1 mg/L. Spiking —
A ’

produced fésults similar to that for copper, i.e. the
reachr effectivei} separated soluble nickel to a
concentxation below 1 mg/L, except for the Reactor A o!
Test 2 in.which.the effluent concentration peaked at
3.94 mg/L. Reactors A2 and B2 of Test 2 exceeded the 1 mg L
total nickel level when subjected to the spiked metal .
loading. Effluent concentrations for Reactors A2 and B2
peaked at 33.1 andiE.52 mg/L respectively. )

Lo .o »
~d. Zing Separation iF

Figures 5.32 through 5.35 show the time A

variation of the influert and” effluent zinc concentrations.

[

Table 5.9 summarizes the averaged value&. Soluble zinc was

-+ <a

ef?ectively treated dur%ng Test 1 with precipitqgg?n Gty
C S
efficiencies exceeding 88.4%. Test 2 produced a soluble

zinc precipitation efficiency greater than 48.6%. These

-

A
because they were based on

efficiéncies are mimimum wvalues

the instrumental limit of detection, LOD, concentration.

A} : e . .. . .
The tofal zinc séparation efficiencies ranged from

-

74.4 to 90.2%, but these performances were still not-high

enough to remove total zinc to concentrations below 1 mg/ L.

All reactors exdeeged the 1 mg/L limit, mimicking the

treatability study observations.

The data generated from "the wastewater

f
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spiking indi%ate that socluble zinc was treated effectively

with the exception of Reactor A2, in which the eifluent

concenhtration peaked at 3.1 mg/L. The results obtained with

i
wastewater spiking confirm the previcus cobserveation on
treating just wastewater, that the effluent does not comply
with the 1 mg/L limit.

3. Stoichiometric Analvsis
Combining Equation 2.3 with Eq. 2.6 produces the
overall theoretical metabolic equation: e
2 Lactate + 3 sof_ — 4 CO. + 4 Ho0 + 3 S:_ + HCO, (5.1)

Using the averaged results from the treatability

-

and HRT studies the BOD/COD ratios can be calculated and the

sulfur balanced. Thé sul fur balance involves:

o,

Tables 5.10 and 5.11 summarize these results.

calculation of the theoretical sulfide production
from sulfates:

comparison of the theoretical sulfide production
to the effluent, sulfide concentration {(assuming
all of the reduced soluble sulfur is sulfide):

calculation of the differences as complexed
sulfur; and, '

determination of the theoretical.sulfide
concenprations needed for the treatment of the
four metals in the wastewater.’

o o
. b

The BOD/COD ratio ranged between 64 to 83%,

S

~excluding the results from Reactor A2, operating at a HRT af

6.5 hr.

because of sulfide interferences. This range is



Table 5.10: Organic and Sulfate Ratics

Removed Remocved Renoved -BOD/CQOD S0, /BOD
HRT Sulfates coD BOD
hr mg S0,/L mg 0./L ng O,/L
HRT Study Test 2

6.5 348 13.3 .51.3 3.86 . 6.78
12 400 75.5 6§3.0 *0.834 6.35
24.4 469 90.3 64.4 0.713 7.28

//HRT Study Test 1

—

27.8 2227 . 114.0 73.9 0.644 3.00,
38.2 232 130.2 92.5 0.710 2.5%
59.5 324 - 138.9 94.0 0.677 3.45

Table 5.11: Sulfur Balance

Removed |Theoretical |Effluent|{Theoretical| Metal
HRT Sulfates Sulfides [Sulfides| Complexed |[Sulfide
L. Sulfide :
hr mg SO0,/L mg S/L mg S/L mg S/L mg S/L
| HRT Study Test 2
6.5 348 116.0 82.2 © 33.8 15.9
12 400 133.3 102.2 31.1 15.9
24.4 469 156.3 105.5 50.8 15.9
HRT Study Test 1
27.8 222 74.0 62.3 | 11.7 14.8
38.2 232 77.3 62.1 15.2 14.8
59.5 324 108.0 77.3 90.7 14.8

89
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s
within the 70-80% range typically found for wastewater

containing short-chain organics [49]. The treatability and
HRT BOD/COD results differ from the 20% found in'téé
characterization study. This is believed to be due to the
relatively higher organic contént of:the supplemented
wastewater. Inhibitors for the BOD test and reduced
inorganics for the COD test are still present-buﬁ organic
content is much higher, hence their effects are relatively
lower. '

A sulfur balance indicates that sulfides had been
used by the reactﬁr to remove metals, and that the
theoretic;l amount of sulfide used to precipitate metals 1is
hiéher than the calculated\amount needed for the four
metals. The exception to this generalization was
Reactor Al. The'high levels of sulfide removal are

: &

attributed to:

-

L B the presence of other metals which were not
monitored but form metal sulfides. viz. iron (Fe)
and chromium (Cr)

° Oversimplification of the metal Sulfide reaction:
]
2= . 2+
S + M —— Msl (5.2)

which assumed a 1:1 sulfide/metal ratio.

The theoretical complex sulfide concentration for
Reactor Al, operating at aﬁﬁHRT of 27.8 hr is lower than the
amount assumed to be needed for the precipitation of the

four metals. This indicates that not all of the metals may
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‘have been complexed as 3ulfides. Some metals could also be

»

compléxed as carbonates since Eg. 5.1 shows’that carbonates
are produced-duriﬁg sulfate reduc#ion. A speciation of the
sludge'is recommended to deterﬁing'the fraction of metals
which are complesed as sulfides and“carboné@e;.

The differences between the sulfaté/éOD ratios for
Tests 1 and 2 indicate that sulfates were m;re'efféctively
removed witq time (Test z/follpwed Test 1). This is
believed to be due t?/Eﬂé simplicity‘of Eg. 5.1. Over thNpe,

-

due to acclimatizatibn,xﬁhg_SRB may have .found better

Y J

metabolic pathways to réduce sulfates more effectively, thus
#r - .

oragnic requirements decrease with time. 4

4. Redox Peotential

&

EfﬁLueht redox measurements are plotted }n
Figures 5.36 and 5.37. Reduced soluble sulfur is the only
parameter which correlates to the effluent redox potential.
This is expected because redox potential is a measure of the
solutions ox%gation/reduction strength. Figu;e 5.3é plots
the effluent ORP readings versus the corresponding';educed

soluble sulfur (R5S) concentrations. A semi-log correlation

_of the following form was used to determine the best fit

between the two parameters:

ORP = m * 1ln [RSS] + b (5.3)

where ORP = redox potential (mV), .
m = constant {(mV),’
° RSS = activity of reduced sulfur (mg S/L) *

-
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b - constant (mV). '

Fittipeg- Equation 5.1 to the data in this form is
justified by electrochemical thecry presented. in
Appendix III. Comparing this form of correlation equation
to the Nernst equation gives the following theoretiégl

definitions for the two constants in Equation 5.1:

’ m;= B%E | . (5.4)
and _ ' b = EC + B?I ln (oxid), | (5-.5)
where EY = constant,
R = 1deal gas constant,
T = temperature of the effluent,
F = Faradays constant, and

, ]
oxid

I

.activity of constituents in a reduded
state

Equation 5.2 predicts that the theoretical slope of N
Equation 5.1 should be -59.1 mV, when log,, is substituted

for 1n in Equation 5.1. Curve fitting the results with a

)
least squares technique produced Equation 5.4 with r = 0.701 235

ORP = -53.2 % log,o {RSS] - 86.74 ) (5.6)
‘ ' '

Comparison of the theoreticai slope to the actual slope
indicates that the redox potential of the effluent is
dependent on the concentration of reduced soluble sulfur.
Deviatiég in the slope’from theoreticai‘value was less than
10%. The spread of the data in Figure 5.38 indicates that
other parameters also influenced the redox potential of the

effluent. These factors include:
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@ the difference between soluble reduced sulfur

concentration and the activity of these
speciles [41].

® the presence of other constituents which are in a
reduced state, thus contxjbuting to the redox
potential, of the solution. Organics are a good
exanple of reduced constituents which were present
in the effluent [41].

® the error associated with the actual CORP
z, measurements. (Appendix III explains this
observation): v y
® the presence of constitfients in an oxidjzed state

whose concentration vargied, -thus causing the
constant b of Eguation ;5.4 to vary.

It can be concluded that redox measurement can be
used to indicate the quantity of reduced soluble sulfur in

the effluent.\wThe redox value determines whether excess
feduced-sulfurlis being préduced and indicates whether'the

;reactoé is treating the wastewater. It may also be used to
the monitor the treathf?ity capacity of the reactor in

terms of its ability to precipitate a given concentration of

. metals.

\r:v
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VI. CONCLUSIQNS AND RECOMMENDATIONS

The conclusions of this study will be drawn in terms of

the characterization, treatability and the HRT phases,

respectively.

. =
A. Characterization Study

. . B, . .
In the characterization phase the.metal plating
wastewater obtained from Universal Fasteners Ltd. was fdund’
to contain <c¢u, Ni and Zn at concentrations exceeding/

Ontario’s suggested discharge limits of 1 mg/L. Lead was

_not present in a measurable concentration. .The pH of the

wastewater was high and résulted in low soluble metal
concentrations. The organic and sulfate contents of the

wastewater were low. Storage of this wastewater at 7° ¢ for

a 7 day period showed instability due to nitrification

3

bacterial growth.

B. Treatapilitv Study

The lack of evolved gases, production of reduced
-
sulfur, consumption of sulfates and organics, removal of

dissolved oxygen and the' decrease in the wastewaters redox
potential indicate that SRB were the domifant bacterial

species in the reactor.
A

Influent and effluent monitoring has shown that the '

.

P
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# .
supplemnented wasbﬁ&ater contained an excess of:

® sulfates *
L crganics, and
. macronutrients.

This indicates that the recipe used for~wastéwater
supplementation can be modified inifuture studies.
Acid-soluble sulfides steadily increased throughout the
13 daf study period indicating continuous bacterial growth
within the reactor. .This excessive sulfide production poses
a potential environmental problem which may be resolved by
bypassing part of the influent and mixing it with reactor
effluent in a ratioc which would-precipitate all of the
soluble sulfides and soluble.metals. Further work 1s needed
to determine how such a process cculd be implemented.
Effluent.soluble metal concentrations were always'less
than 1 mg/L for each of the four metals;‘ Copper had the
highest metal precipitation efficiency wiﬁh zinc and nickel
following in order. Total metal separation efficiencies,
except for ;inc, were high enough to meet the 1 mg/L
effluent limit.  The order of separation efficiency for the
‘ four metals was Cu > Ni > Zn >Pb (note: leaqd was found in
-the wastewater samples collected for the frearability
phase). Separation of the complexed zinc to levels within

the suggested limit can be accomplished by employing a

L
solids separation unit. A particle size distribution'of the

effluent suspended solids would be required in the s



Hydraulic Retention Tinme Study

implementation of this separation processs .

'f. f
C. ’ .
L4

The HRT study demonstrated that BOD and COD remcval
were -a functicn of the reac;or'g HRT. The interference of
sulfide with the COD ﬁest was apparént in the analyses
during reactot operation at a 6.5 hr HRT. For this reascn, /j
the COD is a dubious measure of effluent organic content.
Total organic carkon (TOC) can be subtituted for COD and BOD
measurements since it is a more accurate measure cf the
organic content. However, correlations relating TOC with
BOD and COD would be needed since they are the regulated
discharge parameters.

Sulfate consumption énd reduced socluble sulfur
production were also dependeg% on the reactor’s HRT.

Sulfate levels during the HRT study, which were comparabie
to the concentrations used during the treatability study,
were in excess showing that the aﬁount provided could be
reduced in future studies. Reduced soluble’'sulfur is a
measure of sulfides, sulfites and thiosulfates. Further
work regarding the separation of reduced scluble sul fur intb
these three-sulfur compounds may produce further information
regafding the activity of the Bacteria within the reactor.

A ratio of intermediate (suififes and thiosulfates) to
sulfides may be correlated with the reacto;’s capacity to
treat heavy metals ang with the growth of the baété}ial
popuiation withip the reactor. "

~ . \‘}

@ A
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Scluble metal effluent concentrations were less than
1 mg/L and were not a function of the reactor’s HRT when
excess sulfide is present, whereas total metal separation
efficiencies depended on- the reactor’s HRT. The order of
total metal removal in terms of separation efficiency was
Cu > Zn > Ni > Pb. High metal precipitation efficiencies at
the lcwest HRT, 6.5 hr. means that the HRT could be reduced
further. Toctal metal separaticn efficiencies would be
exéected te drop at a lcocwer HRT, but so long as the metals

ere complexed with sulfides, these complexed metals could
be removed by a selids collection unit as recommended in the
treatability phase.

The fluctuations in the influent metal loadings caused
by the two day feed batchs created difficulties in the
analysis of the data. The reactors were always under
transit response. Making larger feed batches would reduce
the fluctuation of the feed. This feed would have to be
stored at 4 °C to prevent bacterial degradation and
cénstanily mixed to ensure homogeneity.

The spiking of the wastewater did not affect reactor
performahce except for Reactor A2 operaéing at an HRT of
6.5 hr. Reduced soluble sulfur levels in the effluent

dropped to zero as a result of the spiking. This indicates

that the reactor was operating at or exceeding 1ts capacity.

“Total metal effluent concentrations during spikfng had

increased and surpassed the 1 mg/L limit for the Reactors A2
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and Bz_operating at HRT’Q of 6.5 and 12 hrs respectively. 5

Effluent redox potential was found to correlate with ’
the effiuent reduéed soluble sulfur concentration. Redox
potential measurements would indicate the amount of excess
reduced soluble sulfide produced by the réactor. It could
be employed to menitor the capacity of the reactor in‘ﬁerms
of ability to precipitate metals.

The long fesponse time of the ORP electrodes indicates
that further research is needed in developing a standard
method for ORP measurement. the use of a pelished plaﬁinum
electrode, calomel electrode and pH meter for ORP measurment
may not préduce accurate results. The polished platinum
~electrode may be quickly polarized and/or coated by -metals
which were initially in the dissolved state. Future studies

would require the use of a null meter and a porous platinum

electrode. These changes would reduce polarization effects.
1

D. Future Application

Actual employment of the anaerobic reactor by industry
would require further\;esearch into finding a suitable
wastewater which could be mixed with éhe metal plating
wastewater. This would eliminate the need for adding;
expenéive chemical salts for wastewater supplementation. A
possible source of nutrient at the plaﬁt is sewage water.
Experiments using sewage wastewater and plating wastewater
as feed for the reactor would have to be conducted. These

experiments would start with the characterization of the
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sewage water and then determining a proper plating
wastewater to sewage water mixing ratio.
Reactor sludge production is another parameter which
must be considered when implementing such a unit. Sludge
accumulates within anaerohic reéctors and must be
periodically removed and disposed. Disposal of this sludge
is usually difficult and expensive. In this study, the HRT
reactors were operated for 100 days without any sludge
removal. Calculation of the amount of metals accumulated
within the reactor using the average metal leoading rates and
using an assumed solids content of 15.64 g/L [53) (value
found for a different filter system) produces concentrations
of 162 g Cu/kg filter solids for copper, 3 g Pb/kg,
8 g Ni/kg and 224 g Zn/kg. summing these concentrations
gives a metal content of 39.7% which is very high when
compared to ores typigally used for metal refining. Hence,
reclamgtion is a viable alternative to disposal. The metal
concentrations within the sludge are only:féugh estimates
because of the assumed solids cdntent within thetreactor.
Further research is needed to determine the actual metal

concentrations within the sludge.
4
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APPENDIX T
RESIDENCE TIME DISTRIBUTION STUDY FOR
AN UNSEEBED HRT REACTOR



in a reactor the produétion of sulfide ions and
precipitation of metals depend on hydraulic behavior.
Ideally it would be desirable to know' the fluid velocity at
any point within the reactor or to know how an individual
fluid particle travels through the reactor. Hawever, this
study was limited only to the overall performance of the
reactor. Microscopic phenomena were not investigated.
Residence time distribution (RTD) can characterize the
overall hydraulic behaviour of the reactor and describe
performance at a barticular volumétric flow fate.
A. Volume and Porosity

The total volume and void volume of the reactor are
* important parameters for the RTD experiments. Table I.1l
summarizes these data for the treatability reactor, the HRT
reactors and the tracer study reactor. The total volume for
the treatability reactor was given by Wong et al. ([54], All
others were found experimentally. The total and void
volumes were determined by first filling the reactors with
water and then measuring the fluid drained from the reactor.
For total volume, this method was acgeptabie. However, when

% ntroduced due

measuring the void volume a small error was
to surface tension effects [46]. The void volumes were
corrected by measuring the difference between the volume of

water used to fill the tracer reactor and subtracting the

volume collected when the reactor was drained. This volume

108
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was found to be 110 mL which led to an underestimation of
the void volume by 1.3%. The void volumes given in Table
I.1 are the corrected values. The porosity, e, was

calculated by dividing the veid volume by the total volume.

Table I.1: Volume and Porosity Values for the Reactors used
during the Treatability, HRT and Tracer Studies

Total Void ;
Reactor Volume Volume Porosity’
(L) (L) &
Treatability 9.5 8.5 0.895
Reactor x
A 10.10 9.21" 0.912
B - - 10.08 9.14" 0.907
e 10.05 9.14" 0.910
Tracer 9.67 8.67. . 0.897
Column 3 ' '
x - determined by Wong et al. [54]
T - corrected using Tracer Reactor results

A
id”

B. Residence Time Distribution

Elements of fluid taking different routes throughdthe
reactor will require different periods of éime to pass
through the vessel. The distribution of these.times for the
stream of fluid leaving the vessel is called the exit age
distribution, or residénce time-distribution of the fluid.
[27,28] A residence time distribution (RTD) curve is the
response curve generated when a reactor is subjected to a

stimulus.

£
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o
R

tL ‘:'." .
\ Experimental determinatich of Y™e RTD for a reactor
o, ot
e T

regins with the injection of a tracer of known concentratio&E
into the inlet of thé reactor. Tracer injection can be in
any one of the following input forms:

e random, °

» step,

e+ cyclic, or

] e pulse.

Of these forms, the pulse input and the step input are
favoured bhecause of their simplicity [27,28]. The effluent

tracer concentration, C, is monitored and the resulting

concentration profile used to determine tbe overall-
conditicon of the reactor.

Figure I.1 illustrates a number of different responses
which may occur when a step inbut of tracer is 1ntroduced.

. The dimensionless group, D/ul is called the reactor
dispersion number and characterizes the intensity of"
dispér%ion.ijrbm the curve, a number of tracer;p§rameters

= can be caléulated. The following parameters are
fundamentaily defined and reaucéd to a usable forﬁ when a
'step input of tracer is utilitzed. The text Chemical’

Reaction Engineering by Levenspeil [27] presents additional

information concerning the other forms of tracer input alcng

'
»

with the resulting RTD parameter egquations.

1. Mean Residence Time ° ' !
" The mean time, E, is the average timezQ/

{
vf
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‘particle is retained by a reactor. ‘*he basic definition of
the mean time 1s given by:,

Jm t ¢ 4t ’
. o ) i
- ] (I'l)
. Je c dt
where: :

<
t = time, and N .
C=

concentrationkithhe tracer in the effluent.

step ipPut is employed, Eq.‘(I.l} is reduced to:

e -
Coe K - - 1

rtt
b

b £ = I t dF, (I.2)
— [}

where F is the instantaneous concentration divided by the
maximum concentration, (C/Cmax)'

| 1

2. Variance

The variance, -
-

, represents the square of the

spread of the distribution curve as given by Eq. (I.3):

fm t? ¢ dt
- Jo

— =T (I.3)
J c dt
0 ;

This equation reduces to

Q

1
9% = J t2 4dF - t° (1.4)
for a step input.

3. Dispersion Number

The.mean and variance are used to calculate the

reactor dispersion number, d. Calculation cf d is dependent

on the experimental method emplcyed to generate the RTD
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curve. For these experiments, the closed vessel equaticon,

Eg. I.5, was enmploved for calculating dispersion number:

02=L=2d—zd-[1-e‘(1/d) (1.5)
n raged
t
where; .
c; = the normalized wvariance,
d = [ GQE ] = 1s the dimensionless dispersicn

nunbher.

The dispersion number indicates wheﬁﬁer-the reactor 1is
behaving as a plug flow or as a contilnuously stirred tank
reactor (CSTR). When 4 = 0, the reactor is considerg@ to_
operate as a plug flow reactor with no dispersicn. When d
0.01, low dispersion occurs; when d is between 0.01 and 0.1
moderate dispersioq occurs; and when d > 0.1, high’ X

dispersion occurs. Finally when d = @ the reactor is

considerrto behave like a CSTR.

4. Time Inqgkes

Two other indexes commonly used to describe-the

behaviour of the reactor are:

£/T = the ratio of the actual mean residence time
to the theoretical, and

£ /T = the ratic of the time of the inflection point
of the RTD curve to the theoretical residence
time.

The_ theoretical time, T, is calculated from

Equation I.6

.
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Void Veolume (Vv)
T = . (I.6)
Flow Rate (Q)

C. RTD Reactor Experiments

Two RTD experiments were conducted to determine the

mean residence time and flow caﬁditions for the reactor
configuration used during the HRT study. The highest and
lowest volumetric flow rates used during the HRT study were
employed for the two experiments: These flow rates provided
results which could be used to predict reactor, behaviour
under the operating conditions ﬁsed for the HRT study.

The reactor used for these experiﬁents was smaller than
-the reactor used during the HRT study. The void volume was
8.76‘L as compared to the average of 9,2 L capacity of the
unseededxéRT reactors. Thus, the values generated by these
experiments aré not the actual values for the HRT. 1In
active reactors, the actual RTD values would change with
time because of the continuous‘grthh of bacteria within the
reactors and the retention of metal precipitates. However,
it is assumed.tﬁat the RTD parameters found by these tests
are failr indications of the actual HRT reactor parameters.
Samson et al. [48], in their study on thé mixing
characteristis of a downflow anaerobic fixed film reactor
had found that the dead space to void volume ratio within %

the reactor had increased from 11% at the start up to 30%

after 90 days cf operation. This increase of dead space was



the result of bacterial growth and floc separaticn.
Initially, 'sodium chlecride (NaCl) was se;ected as the
tracer in the form of a pulse input, but it was found to be
unsuitable. Further investigations with scodiun fluoféscein
as the tracer proecduced better results. Sodium fluorescein
was suberior to NacCl becauselits density was closer to that
of water. See Table I 2. Also, the diffusion coefficient
for sodium fluorescein is smaller when compared to NacCl
tracer. Changing from a pulse input to a step input of the
socdium fluorescein tracer minimiéed the effect of the limit
cof instrumental éetection. Previous work using pulse inputs

produced results which did not yield a correct mass balance.

’

Table I.2: Properties of Dilute Soluticons of Sodium
Chloride and Sodium Flucrescein at 26 °C

, Densfﬁz’ (Diffusion f
Tracer s Coefficient .
(g/cm? ) (cm™/s)
Sodium ! s
Fluorescein 0.9974 1.48 x 10
(1000 mg/L)

. _b
NacCl 1.0064 5.03 x 10
(8000 mg/L)

Distilled 0.9974
Water
1 - calculated from state correlations [43]

The apparatus used for the three experiments is
illustrated in Figure I.2. A 1000 mg/L sodium fluorescein

stock solution was used as the primary standard for the #
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preparation of calibration standards for the
spectrophotometer and as the c;ncentrate to produce the
tracer solution. The calibration curve for the
spectrophotometer was linear between the range of 0 to
7.5 mg/L when measﬁriné absorbance at 493 um [39]. It
should be mentioned that for spectrophdtometric analysis,
the pH of the fluorescein scolution must be greater
than 8 [39].

Each step input solution had a tracer concentration
which was within the instrumental calibration range. The
size of these batches was approximately 160 L. The tracer
solution was pumped into the bottom of the reactor by means
of a precalibrated peristaltic pump. This pump was
calibrated twice, once at the beginning and once at the end
of the experiment by measuring the amount of water collected
in a graduated cylinder ove?izzhe.' After entry, the=tracer
travelled through the packing to the top, exited through the
side port and then into the flow-through cell in the
spectrophotometer. The effluent absorbtion was measured and
recorded on a strip chart recorder.

The small diameter inlet and outlet tubing along
with.the slow flow rate allow for the assumption of blug
£1low through the Eubing [28]. These inlet and outlet
conditions dictated why a closed vessel dispersion model was

used td determine the dispersion number.



TWwo "S" shaped curves resulted from these
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experiments. They are illustrated in Figures I.3 and I.4

and results are summarized in Table I.3.

Table I.3: Residence Time Distribution Data for the Two
Hydraulic Retention Times

TEST HRT t o’ d t/T t, /T
(hr) (hr) (hr®)
1 5.39 | 4.909 | 2.639 | 0.05814 | 0.910 '| ©0.852
2 65.09 | 47.28 | 1486 0.7291. | 0.726 | 0.813
N

The lower retenéion time experiment indicated a
dispersion Aumber which varied between 0.01 and 0.1. This
reactor behaved like ?.plug flow reactor with moderate
digpersion. The reactor, which was subjected to the higher
retention time, had a dispersion nﬁmbe: of 0.73. Thus it .
operated as a pluéaflbw reactor with high dispersion.
Therefore, the HRT reactors operafed as plug flow reactors
‘with’ moderate to h%gh-dispersion. |

| The Reyneclds numberafqr‘the,lower retention time .
tracer study was 0.7 which is within the.laminar flow range
for a packed Bed reactor. Hence, both tracer reactors were
operating under, laminar flow conditions. These flow
conditions explain why the higher retention time reactor had
a higher dispersion number.

}
,laminar flow conditions is influenced by the bulk fluid

The dispersion number, d, under

motion and molecular diffusien [28]. The reactor operating
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at a higher retention time allowed the tracer to diffuse to
a higher degreégggan the lower retention time reactor. This
caused an increaSe in the dispersion number. This

observation éan be verified by rearranging Eg. I.7, which is

the basic definition of the dispersibn number,

_ D
) d = [_E_E_]' (I.7)

where D is the axial dispersion coefficient,
u is the velocity of the fluid, -and

L is the length of the reactor

to give Equation I.8: <
d, _ _T; o
. dl - T1 ’ (I-S)

where the subscripts denote the tracer test number.
Substituting the results tabulated in Table I.2 into the

left hand side of Eg. I.8 gives a value of 12.1, while the
right hand side gives a value of 12.5. This good agreemené\““w
indicates that und;r laminar flow conditions the retention
time affects the dispersion number. ‘

' Both experiments had mean resifience ﬁimes which
were less than the theoretical residence times. This.and
/////// the inflection to theoretical time ratio indicate that short
‘ circuiting or channelling had occurred and’ this short
circuiting is attributed to dead space within the reactor
[27,28,48) |

Visual inspection of the tracer entering the

reactor confirmed the short circuiting results. The tracer

N



entered the bottom of the reactor as a stream and travelled
up the sides of the reactor rathgr then spreading evenly
across the cross sectional flow area. To decrease
channelling, the reéctor inlets must be redesigned to
provide an even distribution of the influent across the

cross sectional area.
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RESIDENCE TIME DISTRIBUTION STUDY
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Two tracer experiments were conducted covering the
extreme ends of the HRTistudy volumetric flow rate range
toverify the sahpler’s perfcfmance in collecting
represenfgtive output samples. The testing procedure was
similar to that employed in the tracer experiments ;s
detailed_in Appendix I. Tagle II.1 summarizes the results
"0f the two tests. The low volumetric flow rate had 2
residence time of 3.6 hours, while the highest flow rate had
a residence time of 13.4 minutes. Both tests proveduth;t
the sampler was collecting'representati;e effluent and did
5ot retain any of the effluent longer than the expected
theoretical time as shown by the mean to theoretical ratios
given in Table II.1. Figures II.1 and II.2 are the two
tracer response curves for the sampler from which the RTD
parameters were calc;}hted. The high dispersion numbers .
indicate that the effluent collected in this sampler was
highly mixed. Essentially they performed as a CSTR sampler,

not a plug flow sampler.‘

Table II.1l: The Mean Residence Times for the Sampler
at the Two Extreme Volumetric Flow Rates

Flow Mean [Variance| Dispersion Mean to
Rate Time o Number Theoretical
(mL/min) (hr) ~ (hr?®) .d Time Ratio
26.77 0.2243 0.3323 > 10 - 0.7748
- 2.162 3.569 23.234 > 10 0.9957
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APPENDIX III

REDOX POTENTIAL MEASUREMENT



-

Redox potential measurement is understood as being a
nmeasure cf the reduction-cxidation botential of a solution.
Its dgtermination is similar to that for pHE and can ke.
explained using an acid-base theory analogy.

A strong acid is defined as a substance that 1s capable
of liberating hydrogen ions:

— -

Ha A + H
acid base - hydrogen ions

Accerdingly, a base is a substance that is capable of
absorbing hydrogen ions. Thus every acid has 1its
complemental base. The pH measurement, which is a
measurement of hydrogen don activity, gives an indication of
the acid/base séatus.af a solution. | -

It is possible to define the redox system in a form -

analogous to that of acid-base definition. An agent in the

reduced state (Red) is capable of liberating an electron:

Red +=—=— 0Ox + e-—. ) (III.1)

Hence, an agent in the oxidized state (Ox) is capable of
accepting an electron. The redox potential measurement,
which is actually a measurement of.electron activity, serves
to indicate the reduction/oxidation status of the
solution [41].

Measurement of the redox potential is accomplished by
immersing a platinum and a reference electrode into the
solution. The resulting potential whicﬁ develops betwgen

the two electrodes can be predicted theoretically by adding

125
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the electrode half cell potential equations. Each half cell
equation represents the potential obtained from the exchange
cf electrons at the individual electrodes. The half cell

potential developed at the platinum electrode (Eplat) is

modelled by the Nernst equation:

a
=k, + R T 1n ox ’
F a
red

Eplat (II1.2)

where k, is a temperature dependent constant,
R 1s the gas constant,
T is the absolute temperature,

F is the Faraday constant,

v

is the activity of the 0x agent, and

R is the activity of the Red agent.

-

The reference electrode, by definiticon, produces a half ceill

potential which follows the Nernst equation and ideélly is

independent of the solution matrix. Hence its potential

(Ecalomel) 1s only governed by temperature according to the

following equation:

e~

Ecalomel = Kz, (FII'B)

where k; 1s the temperature dependent constant.

Combining Equations III.2 and III.3 gives the following

redox potential equation for the solution:

-

a
" R T OX
= — 0
Ey = Eplat * Ecalomel B ox-red T F In a_ogq (111.4)
where, Eh is the redox potential of the solution relative

to the standard hydroéen elect;ode, and
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° is the temperature dependent constant

. ox-red
(j’ which equals to the sum of k, and ko .
The E. of the sclution is found exﬂérimentally by placing

the electrodes into the ‘solution and then correcting the
‘reading according to:

Eh = IR + Kcalomel ' (ITI.5)

where IR is ‘the instrumental reading at 25 °C using a
platinum and a calomel electfode, and

K is the potential difference between the
calomel

calomel and the hydrogen electrode at 25 °C and
has the value of 244.4 mV [43]).

Equation III.4 predicts that the redox potentii} of the
solution will decrease as the activity of the Red increases.
Since activity increases with concéntration, the redox
potential would decrease as the concentration of the Red
increases. Sulfide influences the potential of the solution
since it 1is ; strong Red.

The treatability results were erratic as a stable
measurement was not obtained 5 minutes after the connection
of the electrodes to the ich specific meter. Further
investigation showed that the response time allocated for
the ihstrument was insufficient for the establishment of an
equilibrium measuremepnt.

Biological fluids with negative redox potential have
been found to produce slow and erratic redox

measurements [41]. This phenomena is attributed to organics



which exchange electrons slowly with the platinum electrode
[41,54]. Petersen [41l] suggested the use of a redox
mediator to reduce the time requiréd for the instrument to
reach equilibrium. A mediator is a redox system capable of
making both rgﬁid and simple exchanges of electrons with a
platinum electrode. In order that such a mediator can
function satisfacterily, the activity occuring in its
oxidized form should be equal to that cccuring in its
reduced form. However, Wong et _l.'[54} observed no
differences in instrumental response rates when employing
the mediators suggested by Petersen [(41)] in his analysis of
eff;uent derived from the sludge decontamination apparatus.

For this reason, a consistent method was adopted for
redox measurements during the HRT study. Measurements were
recorded 10 minutes after the placement of the sample into
the ORP vessel and connection of the electrodes to the.
pot iometric meter. 1In order to determine the 10 minute
relatiQe responses and the time required for the
establishment of instrumental equilibrium, five experiments
were conducted. Each of these five tests was carried out

.

with effluent samples obtained from HRT study Test 2. Table
IIT.1 lists the different samples and the 10 minute relative
respohse percentages. Figure III.1 iilustrates the relative
response curves for the five experiments. These graphs shgw

that the instrument reached at least 95% of the equilibrium

reading within 10 minutes. Hence, all ORP measurements’



(before correction for difference in calomel and hydrogen
electrode potential) are undergstimated by an average cf

1.94 + 1.96% with a confidence interval of 0.95 .

calculated from a Students-t distribution [35].

Table III.1: Ten Minute Relative Response for Five

Effluent Samples’

Effluent From HRT Test 2 Relative
Response
Test . Reactor Day (percent)
1 cC 20 97.40
2 c 23 95.83
3 A 38 98.12
4 B 38 98.98
5 C 38 59.98
b .
Average Relative Response 98.06
Sample Standard Deviation 1.58

as
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APPENDIX IV ’

,TREATABILITY AND HYDRAULIC RETENTION TIME
RESULTS



A. Determination of Constituent Averages
The influent and effluent average constituent

" concentrations were calculated using an time integral

average:
tf .
£, C dT .

Cint. avg. - (Iv.1)
t, - t
£ 1
where C is the constituent concentration,
t. is the time of the first constituent data

point, and

tf is the time of the last constituent data
point before the spiking.

The integral in Equation IV.l, represents the area under the
constituent concentration versus time curve as shown in the
plots presented in Chapter 5. Influent concentrations for
the treatability study were plotteq as step inputs because
the feéé for the treatability stﬁdf was produced in one or
two day feed batches and each batch was tested for the
respective constituent. The treatability effluent
concentration curves were plotted and c;Rhectea 1inear1y}/~_ﬂ
Both influent and effluent concentrations in the HRT study
are linearly connected because influent constituent
contentrations were npt determined for each feed batch.
Evaluation of the integral was accomplished by employing the
trqpezoidal rule.

For the metal concentration plots, the metal

132 ’ N
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concentration values were plotted as calculated without any

correction for the limit of detection.

All'the.raw data for this study are summarized in
‘Tables IV.1 to IV.18. Table IV.10 provides the ;oDs'for'
concentrations reported in Table Iv.il to IV.18

B. calibration Procedure and LOD Calculation for Metals

All metal concentrations were determined using’a Plasma
Arc Spectrophotometer. ‘Hence, there is a lower analytical
limit or limit of detectlon (LOD) for which the résﬁlts can
be expressed. The LOD is deflned as the lowest

concentration level that can be gtatistically different from

the blank [24,29]. - The LOD values for HRT study Test 2,

Table IV.10, were calculated by the follewing procedure.

(1) A set of calibration standards, blank, 0.01, 0.1, 1,

" 10, 50 and 100 mg/L standard, were prepared according
to the Standard Methods {1]. These standards were
analyzed just before the analysis of the unknowns on
the Spectrospan V Plasma Spectrophotometer. Five
‘intensity readings were experimentally found for each

" calibration standard and the unknown.

(2) The average/{gge;sity for each calibration standard was ,.
plotted and curve fitted using the least square linear
‘curve fitting technique. All calibration curves had a
correlation of 0.999 or greater.

(3) The blank intensity readings and standard deviations
_were then calculated and used to calculate the LOD
intensity values, as follows:

Itop = Iplank * 3 * S blank (1v.2) )
where 10D is the intensity value for the LOD,
Iblank is the average intensity value for the

blank, and



S is the intensity standard deviation for
the blank.

The\intensit?’staﬁdard deviation of the blank was
multiplied by three to give a 99.86% confidence level in
determing the presence of the metal [29). The calculated
IioD value was then used in the intensity - concentration
calibration eguaticon to determine LOD concentration.

For the wastewater characterization Qpase, the
treatability study and Test 1 of the HRT phase, the
concentration versus intensity calibration curves were
determined—using only-a blank and a high concentration
standard, usually 10 or 50 mg/L, gccording to the
instruction given by the Spectrospan V Plasma Arc operations
manudl {51]. However, three intensity readingg for each-
standard were determined after'every'fourth unknown analysis

to compensate for the use of only 2 calibration points.
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Table IV.8: Effluent Redox Pctential Valves for HRT
Study Test 1

Redox Potential (mV)
day “
A B c

4 -162.6 -172.0 -184.2

6 -194.5 -196.0 -172.0

9 -178.1 -175.8 -195.8

11 -132.3 -131.5 -163.6

*‘> 13 -151.2 -155.9% -153.3

18 | -180.5 =173.7 -163.4

20 -186.9 -187.9 -176.1
22 -184.0 -186.6 -186.2 .

25 -194.9 -192.1 -191.9

27 -192.4 -194.5 -189.0

29 -186.6 -185.7 -185.2

32 -190.6 -1387.9 -184.4

34 *196.5 T=-200.0 -139.6

36 | “.=184.5 -190.1 -181.1

39 “-191.0 ~-193.4 -178.7

Table IV.9: Effluent Redcx ?otentiai Values ?or HRT
Study Test 2 ’

Redox Potential (mV)
day

‘ A B c
3 -174.0 -193.6 -184.8
8 -176.9 -197.9 -203.3
10 -18%5.9 -203.9 ~203.0
12 ~170.6 ~186.9 -199.2
15 -183.9 ~184.3 -202.7
17 -182.4 -197.6 -200.0
19 -192.7 -203.5 ~203.6
22 -179.0 -206.5 -208.5
24 -191.4 -206.1 . -209.1
26 -186.3 ~197.1" ~206.8
29 -183.9 -202.9 -204.9
, 31 ~195.5 -206.6 -205.8
\ 36 -164.3 -189.6 -194.4
38 -180.3 © -194.2 -208.3
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Table IV.10: The Detection Limits of Copper, Lead, \fickel
and Zinc as found Experimentally During the

HRT Study
Limit : ' -
of Copper Lead Nickel Zinc
Detection -

soluble (mg/L) o

LOD, 0.035 0.224 0.050 0.519

1.OD2 0.0Q15 0.335 0.033 0.738

LOD, 0.013 0.187 0.078 0.487
Total (mg/L)

LOD, 0.019 0.463 0.067 0.304

LODg 0.021 0.645% 0.089% 0.533

LODg 0.012 0.159 0.110 0.289

NOTE: All LODs reported in Tables IV.1l1l to IV.18 are
refergnced to the above values.
. N
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