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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 mainly at the anodic site, a reverse 
charge concept was implemented by interchanging the cathode and anode of 
the electrokinetic cell alternatively. Results showed an average removal 
efficiency for Cu and Ni removal compared with hose 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, adveclion, land 
application. 

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 installation of pretreatment units at 
generat~on sources, alternat~ve 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 5y 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 additional 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 slud$e'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 exchanreable 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 
(MacNicol 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. ~ab lk -1  shows the recommended cumulati"e limits for metals 
of major concem 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). 

Electric potential application to municipal wastewater sludge directly 
affects heavy metals solubility and mobility through a low p~ region around 



the Gode and increased caiions attraction towards the cathode. The use of 
hydraulic head may also affect the rate o f  effluent collection, ions mobility 
and metals removal. In this study, heavy metal, removal from the sludge was 
investigated under the effbct of electric potential with and without the use of 
a hydraulic head. Furthermore, the effect of reversing the electric current by 
cyclic alteratio.~ of the poles on metal removal was also studied. 

Matelids and Methods 

Dewatered municipal wastewater sludge was collected from the Clty 
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 Pkrcol 
757 frgm the same manukcturer. Sludge cake samples were preserved at 4'C, 
heavy metals concentration. in the sludge are shown in Table' 2. 
Approximately 200 of sludge cake. were filled in the cell, air 
entrapment',:was minimized,;by slightly compacting the cake. Th'6 direct 
electric current was applied to the sludge using an electric DC power suijpfy 
TES 6230 connected to both the anode and cathode of a plexiglass cylindrical 
cel1:measuring 50 mm in diameter and 75 mm in;height. A constarit'v6ltage 
of 26.5V was applied, stainless steel discs measuring 50 mm in diameter w r e  
fixed at the two ends of the cell acting as the anode and cathode of the 

. . system. 
. ' . >,;: 

The us< of a hydraulic head to acceLe5,ate; ions mobility through th6, 
system was also investigated, two differentGi$$i*ach& were adapted in th<i 
experimental investigation. In the first apeib"a<h &., ,:." ,s$cessive effluent y e i d  
collected from. both the anode and cathod6 us& :iiili. . I& Bnd hig$hyd$ulic - , .j 

heads vib introducing distilled water at the cenj6-&f {he cell. Distilk&+yater 
was used to compensate for the effluent coll&$&&.ar both the anode &$ the ..< >' *:. 
cathode. The low head (1 50 mk from the centtedpe of the cell);.was ;used to 
ensure continuous feed of distilled water t.&@cell~and .>.;; ..,p. to'$event&%ses 
produced by electrol&s reactions from . b r i c l u ~ p  .... ..v.:.~~ ,,. iin the water fee@iine. 
Using ri low hydraulic head allows th<;fff&df;$f electric potential<,p be 
dominant. This &&[onsidered as Phas&dur& . . ... which 160 ml of effluent 
were coll&@d at&&&h of the anode @4 c@&$ 'within six hours.&hese 
effluents ;;$ desr&flted as A(1) and  he +-- +t: system was acc&@ted .. 
using a. hyid&lic &@ ..; *:,- of 500 mm, i.e.,i$$&e-q'?ippproxiyately . . +:x:$- ,,?.. 4. . . threg'iimes %. 

the efflu&t$f P~#&'I were collected &rh'@'l.@fl .": :*:. mmutes. These effluents 
were desi&&d a s  A(I1) and C(I1) fof,;.,anodic and Lathodic efflupts % 

, . respectively. '.' .,.! . .. . , 

:,> L.:'. 

Chemical analysis showed that some metals tend to be removed fi6m 
the system thrcwgh the anodic site; others from the cathodic site under the 



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 introdilced,where the poles of the direct electric 
current were alternated at fixed time intervals, under the same hydraulic head 
used in Phase I. Only anodic effiuents were collected from 'anode (A). After 
15 minutes (time of one cycle), the, poles 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), referring 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 cool'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 

Hrst Approach: Continuous Cumnt Application 

When applying electric potential to the, sludge and allowing effluent 
collection from both anode and cathode, vaiious conditions such as cathodic 
attraction for cations, low pH at the anodic side, and high pH at the cathodic 
side were d&lgped. Effluent pH is importint in reflecting possible mobility 
of heavy metals as their solubility will be affected. The sharp difference in 
effluent pH (~ig.1) can be attributed mainly to pore fluid'hydrolysis, when the 
flow was accelerated'u~in~ a hydraulic head, less acidic and basic values were 
obtained. 

, . 

A clear chanie in metal removal pattern between phases was observed 
for Cr, Fe, Pb, ql ~d removal (Figs. 2 to 4), Ni and Zn rembva~s were not 
altered due to phase transition'. Therefore, where ~i and Zn concdntration 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. 



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 11, 
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 I1 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 is 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 part~culates 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 I1 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, whileadvective 
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 
efficiencieswere 24%, lo%, 8.2%, k.8%, 3.5%, and 3.2% for Ni, Cr, Fe, Zn, 
Cu, and Pb respectively. 

Second Approach: Reverse Currenl 

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 t m e  cycle intervals of 15 and 30 minutes, i.e., collecting batches 
each two hours and four hours respectively. Variation in anodic effluent pH 



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, (c) the second anode 
B located at the other side of the 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(1) and C(1). 

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. Zn showed higher removal in the 15 minutes cycle run (Fig. I I), 
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. _ ii .... . .. . 

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, Iower removals of Zn, 
Cu, and Pb at the cathodic site were obtained. Total removal of Ni, Cr, Fe, 
Zn, Cu, and Pb were 24%, lo%, 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. 



Alshawabkeh, AN., and Acar, Y.B. (1996) Electrokinetic Remediation. II- 
.Theoretical Model, Journal of Geotechnical Engineering, Vol. 122, No. 
3, March 1996. 

Caldwell, R.J., and Anderson, B.CI (1993) Alkaline Solubilization of 
Wastewater Sludges: Fate. of Trace Metals, 1993 Joint CSCE-ASCE 
National Conference on Environmental Engineering, pp. 429 - 436. 

Eykholt, G.R., and Daniel, D.E. (1994) Impact of System Chemistry on 
Electroosmosis i n  Contaminated Soil, Journal of Geotechnical 
~ngineering, ~ 6 1 .  120, No. 5, May 1994. 

Fristoe B.R., and Nelson P..O. e1483) Equilibrium Chemical Modelling of 
Heavy Metals i n .~c t iva td l .S lud~e .  Wat. Res. 17, pp. 771-778. 

MacNicol R.D., and ~e'b.kett P.H: (1989) The distribution of heavy metals 
between the principal components of digested sewage sludge, Wat. 
Res. V. 23, No.2, pp. 199-206. 

Mohamed, A.M.O., and Saleh, H.I., (199'7) "Heavy Metals Removal from 
Municipal Wastewater Sludge for Land Application Management" 
submitted Geoenvironmental Engineering Conference, Univ. of Wales 
Cardiff, UK., Sep. 16-18, 1997. 

Ravishankar B.R., Auclair J.-C., and Tyagi R.D. (1994) Partitioning of heavy 
metals in some Quebec mun~,cigal sludges, Water Poll. Res. J. Canada, 
Vol. 29, No. 4, pp. 457-470: " 

Sreekrishnan T.R., Tyagi R.D., and Campbell P.G.C. (1993) Kinetics of heavy 
metils bioleaching from .&we sludge - I. Effects of process 
parameters. Wat. Res. vol. 27; No. 11, pp: 1941.-1651, 1993. 

Tyagi R.D., Sreekrishnan T.T., BI+s J.F., and Campbell P.G.C. (1994) 
A A .  Kinetics of heavy metal biol&ching from sewage sludge - 111. 
.- . 
-I,. Temperature effect, Wat. Res. Vol. 28, No. 11, pp. 2367-2375. 

QS. EPA. (1983) Process Design Manual: Land application of municipal .~ 
. sludge, Municipal Environmental Research Laboratory, EPA-62511-83- 

016. 
U.S. EPA. (1987) Design Manual: Dewatering Municipal Wastewater Sludges, 

Office of Rpearch and ~ k < & l o ~ m e n t  Washington DC 20460, 

I...' 
. . 

. . .  . . .  ' , \ < :  . . .  . '. ,. . . . .  .' , . ; , ' i 



Table IV Recommended Cumulative Llm~ts for Metals Apphed to 
Agricultural Land 

. .: 
Soil Cation Exchanee Cavacitv. med100g . . ,..I - 

' <5 5 to 15 '15 ' . - . .  

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

Zn 677 ( W k )  Cr 6875 (mgkg) 
Pb 1330 (mglkg) Ni 1497 (mgkg) 
Cu 1206 (mglkg) Cd Not Detected 
PH 6.74 Solids content 30% 
Fe 2.7% by weight 

Figure 7 pH variation of anodic and cathodic effluent 
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Figu~e 8 Electroosmotic and advective effect on lead and copper removal 
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Figwe 9 Electroosmotic and advective effect on Cr B Ni removal 
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Figure 10 Electroosmotic and advective effect on Fe and Zn removal. , 
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Figu~e 12 Percent of total removal for metal: efficiently removed at 
cathode 

Figure 13 Total removal of heavy metals from wastewater sludge 
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Figure 14 pH variation in anodic effluent at various reversed current 
cycles 

Figute 15 Nickel cumulative removal 



Figu~e 16 Copper cumulative removal 
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Figom 17 Zinc cumulative removal 




