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ABSTRACT

Heavy metals removal from dewatered municipal wastewater sludge
under the effect of electric potential and advection flow was investigated. The -
application of these processes resulted in 24%, 10%, and 8.2% removals of
Ni, Cr, and Fe respectively with higher removal at the anodic site. Lower
removals for Zn, Cu, and Pb {1.8%, 3.5%, and 3.2% respectively) with more -
efficient removal at the cathodic site were obtained. Since metals of high
concentrations in the sludge were removed matnly at the anodic site, a reverse
charge concept was implemented by interchanging the cathode and anode of
the electrokinetic cell alternatively., Results stowed an average removal
efficiency for Cu and Ni removal compared with those obtained from the first
investigation. Higher efficiency for Zn removal was observed, but lower
efficiency for Cr, Fe, and Pb were obtained.

Keywords: wastewater sludge, heavy metals removal, electric potential, advection, land
application, ' '

Introduction

Heavy metals can reach municipal wastewater sludge via discharge of
uncontrolled industrial effluent to public sewers thus increasing the metal
content of sludge and imposing a problem for proper sludge management.
While efforts are made to prevent heavy metals discharge through controlled
industrial effluent discharge and instaliation of pretreatment units at
generation sources, alternative solutions should be considered for metals
removal from the actually generated municipal wastewater sludge.
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Land application of the sludge for use in agricultural purposes is one
of the vital alternatives considered for sludge management. Since heavy
metals tend to accumulate in the food chain, consequent health hazards can
- be minimized Wy setting limits for heavy metals cumulative concentrations
applied to agricultural land. Therefore, metals concentration in raw sludge will
dictate its long term use for agricultural purposes and addittonal measures are
required for sludge metal decontamination to further prolong its use. Heavy
metals such as zinc, copper, nickel, lead, and chromium are of concern in
sludge application for agricultural purposes due to their phytotoxicity effect.
Apart from heavy metals, pathogens are also of concern in agricultural
application, and treatment methods as lime stabilization or composting are-
applied to reduce the number of pathogens in the sludge (U.S. EPA, 1992).
Other alternatives as incineration, landfilling, or dedicated land disposal have
less constraints on sludge metal content. - :

- Several processes for heavy metals removal, from the sludge were
investigated including lowering the sludge pH to increase metals solubility
and mobility (Fristoe and Nelson, 1983), and metals leaching biologically
using indigenous sulfur-oxidizing bacteria present in the sludge (Sreekrishnan
et al., 1993; Tyagi et al, 1994). Heavy metals partitioning in municipal
sludge was previously investigated and the possible forms of metals
combination in sludge were summarized in the following: (a) in mineral
grains exchangeable cations on clays, (b) discrete crystals or grains of
secondary precipitates or in coatings, (c) as intra-cellular or extra-cellular
-uptake by bacteria, (d) organic complexes on colloid, and (e) complex ions
(MacNico!l and Beckett, 1989). Greater fraction of trace metals is held in both
the larger fraction of sludge having low density and high organic content and
as precipitates of grains of higher density (Ravishankar et al., 1994). While
the movement of metals can be reduced by maintaining the soil at pH 6.5 or
above, metal availability to crops constitutes a problem that may shorten
municipal sludge application in agricultural purposes due to high metal
concentrations. Table 1 shows the recommended cumulative limits for metais
of major concern applied to agricultural crop land (U.S.-EPA, 1983).

The application of electric potential is currently used for site
decontamination from heavy metals. In highly buffered systems without pH
control at the electrodes, strong acid strong base interactions govern, and
sharp pH fronts are typical. Advection, electrical conduction, and diffusion -
also affect metal ions mobility, species transport is influenced by both the ..
electric field and the pH that affect metal solubility (Alshawabkeh and Acar,
' 1996; Eykholt and Daniel, 1994). ‘ o

Electric potential application to municipal wastewater studge directly
affects heavy metals solubility and mobility through a low pH region around
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the anode and increased cations attraction fowards the cathode. The use of
hydraulic head may also affect the rate of effluent collection, ions mobility
and metals removal. In this study, heavy metal removal from the sludge was
investigated under the efféct of electric potentiai with and without the use of
a hydraulic head. Furthermore, the effect of reversing the electric current by
cyclic alteratio.t of the poles on metal removal was also studied.

Materials and Meﬁloc_ls

Dewatered municipal wastewater sludge was collected from the City
of Montreal wastewater treatment plant applying physico-chemical treatment
using ferric chloride and Percol 902 polymer from Allied Colloids for the
sedimentation process. Sludge is then mechanically dewatered using Pércol
757 from the same manufacturer. Sludge cake samples were preserved at 4°C,
heavy metals concentration in the sludge are shown in Table® 2.
Approximately 200 grams of sludge cake were filled in the cell, air
entrapment’~was minimized.:by slightly compacting the cake. Thé direct
electric current was applied to the sludge using an electric DC power supply
TES 6230 connected to both the anode and cathode of a plexiglass cylindrical
cell’ measuring 50 mm in diameter and 75 mm in.-height. A constant Vdltage
of 26.5V was applied, stainless steel discs measuring 50 mm 1n diameter were
fixed at the two ends of the cell acting as the anode and cathode of the
system, i

The use of a hydraulic head to accele: kte.‘ ions mobility through the,
system was also investigated, two dlfferentaﬁp’proaches were adapted in the;;
experimental investigation. In the first approaoh,g successive effluent weref':.
collected from_ both the anode and cathodd usin Io)N and hlgh“hydrauhc
heads via introducing distilled water at the centr: of the cell. Dlstllled water
was used to compensate for the effluent colleet at both the anode 4Rg the
cathode. The low head (150 mm from the cent rie of the cell) Wwas used to
ensure contmuous feed of dlStl[led water t ; *"cell ‘and to prevent %ases

Using a low hydrauhc head allows the” ec-t"“of électric potential 1o be
dominant. This was considered as Phase 'i?ﬂurmg Wthh 160 ml of effluent

were collecfgd at

were des:gnated as A(II) and C(Il) fo:_?: !
respectively. ) '

¥
dis

" Chemical analysis showed that some métals tend to be removed frém
the system thrcugh the anodic site, others from the cathodic site under the
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combined effect of low anodic pH, cathodic attraction, and advection. Since
metals of higher concentration in the sludge were removed from the anodic_
site, the second approach was mtroduced where the poles of the direct electric
current were alternated at fixed time intervals, under the same hydraulic head

used in Phase 1. Only anodic effluents were collected from anode (A). After
15 minutes (time of one cycle), )the__p'oles. were switched thus the former
cathode is now the new anode (B) through which effluent was collected.
These cycles were repeated to the end of the experiment. batches of anodic
effluent collected from (A) and (B) each eight cycles (two hours) and were
termed (A-15) and (B-15), refersing to 15 minutes cycle, then analyzed for
heavy metal contents. Time cycle interval was then raised to 30 minutes in
a new experimental run and batches of effluents were collected also each
eight cycles (four hours) and termed (A-30) and (B-30). Metal concentrations,
variations in effluent pH and electrical conductivity were measured for the
collected batches. -

Heavy metal - concentrations in raw sludge were determined after
digesting the sludge using sulfuric acid and hydrogen peroxide. In the
digestion procedure, 4.0 ml of sulfuric acid were added to 0.5 g of sludge in
the digestion flask, and heated at 440°C for two to three minutes, then 10 ml
hydrogen peroxide were added and the solution was left to cooi for at least
30 minutes. Distilled water was added after cooling to dilute the digest to 100
ml, metal ions concentration in the digest and the effluent were determined
using Perkin Elmer atomic absorption spectrophotometer.

Results and Discussion
First A pproach: Continuous Current Application

When applying electric potential to the SI'uche and allowing effluent
collection from both anode and cathode, various conditions such as cathodic
attraction for cations, low pH at the anodic side, and high pH at the cathodic
side were developed Effluent pH is important in reﬂectmg p0551ble mobility
of heavy metals as their solubility will be affected. The sharp difference in
effluent pH (Fig.1) can be attributed mainly to pore fluid hydrolysis, when the
flow was accelerated usmg a hydrauhc head, less acidic and basic values were
obtained.

A clear change in metal removal pattem between phases was observed
for Cr, Fe, Pb, and Cu removal (Figs. 2 to 4), Ni and Zn removals were not
altered due to phase transition. Therefore, where Ni and Zn concentration are
of concern, the use of hydraulic head is beneficial in achieving the same rate
of metal removal at shorter operating time. In addition, Ni removal increased
at the cathode under the effect of advective flow. -
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Lead and copper were similar in their removal pattern mainly from the
cathode. Chromium was highly removed from the anodic side mainly under
the effect of low pH. Removal rate decreased as pH increased in Phase II,
while removal at the cathode was low due to high pH. Iron removal was
similar to that of Chromium at the anode while removal rate at the cathode
increased in Phase II due to advection. Metals removal from the anode with
the application -of electric current is not uncommon as denoted in previous
experimental studies where cations that should have been transported to the
cathode compartment were found in the anode compartment (Alshawabkeh
and Acar, 1996; Eykholt and Daniel, 1994).

Under the applied experimental conditions, combined effect of osmotic
and advective flows through the sludge led to high removal of Ni, Cr, and Fe
from the anodic side, while Zn, Cu, and Pb were efficiently removed from the
cathodic side. Metals removal from the anode 1s justified by the low pH
developed there and to the initially high concentration of Cr and Fe in the
sludge. While Ni concentration was not high compared with the previous two
metals, it showed a high tendency for solubility from the sludge and mobility
under acidic conditions (Mohamed and Saleh, 1997). Metals removed mainly
from the cathode are usually encountered in the fine particulates of sludge.
Entrapment of these particulates with the generated gas and the effluent,
besides the effect of cathodic attraction may all contribute to the high removal
at the cathodic site. -

In evaluating the effect of advection on metal removal, the percent of
total removal in each phase was plotted for each metal (Figs. 5 and 6) taking
into consideration that the effluent in Phase II was three times that in Phase.
I and was collected within 27% of the time elapsed in Phase I. Comparison
was made based on the total volume collected in both phases and can
otherwise be based on time basis and/or unit volume collected. Removals of
Cr, Fe, Cu, and Pb were higher under electroosmotic effect, while advective
flow considerably decreased Cu and Pb rates of removal at the cathode. On
the other hand, advective flow increased Ni and Fe removals from the
cathode: Total removals of metals from the sludge is shown in Fig. 7, removal
efficiencies were 24%, 10%, 8.2%, 1.8%, 3.5%, and 3.2% for Ni, Cr, Fe, Zn,
Cu, and Pb respectively.

Second A pproach: Reverse Current

As metals of higher concentration in the sludge were removed from
the anode, the second approach was introduced through alternating the current
poles and collecting batches of anodic effluent each eight cycles at two
different time cycle intervals of 15 and 30 minutes, i.e., collecting batches
each two hours and four hours respectively. Variation in anodic effluent pH
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is shown in Fig. 8 from which the following can be observed: (a} in the 15
minutes cycle run, pH at both sites fluctuated over acidic and basic values,
(b) in the 30 minutes cycle run, enough time allowed the first anode A to
behave as the permanent anode with effluent pH<7.0, (¢) the second anode
B located at the other side of thé cell acted as the permanent cathode with
effluent pH>7.0, and (d) pH values were less acidic and basic pH values than
that of A(I) and C(I).

The results obtained for heavy metal removals using the second
approach, were compared with those obtained from Phase I investigated under
the same conditions. Removal of Cu, and Ni are shown in Fig. 9 and 10, the
removal was confined between the higher and lower rates of the continuous
system. Za showed higher removal in the 15 minutes cycle run (Fig. 11),
removal of Fe, Cr, and Pb were closer to their lower concentrations in the
continuous system and were not reported. The continuous system was thus
considered to have an overall higher efficiency for heavy metals removal over
the system of alternated poles.

The study investigated the efficiency of combined electric and
“hydraulic processes in heavy metals removal, the operating parameters at each
run were arbitrarily chosen to be within practical ranges dealing with the daily
generated sludge. These parameters, i.e. electric potential, hydraulic head,
time, can be changed or optimized if a system is to be implemented for metal
removal from sludge. Higher percentage of removal can be achieved upon
prolonged application of the process, sludge characteristics, level of heavy
metals contamination, and the suggested process for sludge management shall
all be considered.

Conclusions

The application of an electric current and a hydraulic head to
dewatered wastewater sludge resulted in high removals of Ni, Cr, and Fe
mainly at the anodic site under the effect of low pH, lower removals of Zn,
Cu, and Pb at the cathodic site were obtained. Total removal of Ni, Cr, Fe,
Zn, Cu, and Pb were 24%, 10%, 8.2%, 1.8%, 3.5%, and 3.2% respectively.
Advective flow helped the removal of Zn and Ni at the same rate within a
shorter period of time, it decreased the rate of Cr and Fe removals from the
anodic side due to higher pH of effluent, and increased the rate of Ni, Fe, and
Zn removals from the cathodic side by overcoming the effect of high pH at
the cathode that may hinder metal mobility. Alternating poles approach
resulted in Ni, Cu, and Zn removals confined between the extreme values of
removal in the continuous process, while low removals for Cr, Fe, and Pb
were obtained. '
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Fable IV Recommended Cumulative Limits for Metals Applied to
Agricultural Land

Soil Cation Exchange Capacity, meq/100g

<3 S5to 15 >15
Metal o {kg/ha)
Pb 560 1120 2240
Zn 280 560 1120
Cu - 140 280 560
Ni 140 280 560

Source: U.S. EPA, 1983,
Table V Sludge Heavy Metals Concentration

Zn 677 {mg/kg) Cr 6875 (mg/kg)
Pb 1330 (mg/kg) Ni 1497 (mg/kg)
Cu 1206 (mg/kg) Cd Not Detected
pH i 6.74 Solids content 30%
Fe 2.7% by weight
12
M pH B pH max B pH min
’Jm ........................................
8 ........................................
"
a
s Bl--mceveemrmm
I~}
b
4 .........................
2 .........................
A A Q) ca c{m

Figure 7 pH variation of anodic and cathodic effluent
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