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SHORT TERM FATE OF HEAVY METALS IN THE GRAVEL
BED HYDROPONICS WASTEWATER TREATMENT SYSTEM

The fate of five heavy metals was studied in a gravel bed hydroponics (GBH) wastewater
treatment system. The study examined the removal of cadmium, chromium, copper, nickel, and
zinc from an amended primary effluent. The removal of the metals from the effluent was
determined as a function of time. A short term exposure, simulating a spill or shock load, of 6 to
8 hours was used. The concentration of the metals was determined in the associated sludge as
well as in plant leaves, stems, and roots. Individually, good removals of chromium, cooper,
nickel, and zinc were observed: > 70°/, average removal over 6 to 8-hour periods. Cadmium
removal averaged 30°, over an eight-hour experiment. When all five metals were spiked
together, chromium removal was greater than 95°/,. Both copper and zinc were removed
efficiently (> 90°/,) during the first three hours, and the removal efficiency dropped to about
70°/, by the sixth hour of exposure. Both nickel and copper were efficiently removed initially,

but the removal dropped to 40°, by the end of the experiment.
In this 12-meter long treatment system, the addition of heavy metals severely debilitated the
crop plants in the first 2 to 3 meters. The remainder of the plants downstream were healthy and

vigorous in appearance.

1. INTRODUCTION

Heavy metals are ubiquitous in natural waters in low concentrations. Domestic
wastewater also contains variable amounts of different metals [1, 2]. Due to their
refractory nature, their bioaccumulation in the food web and potential toxicity,
heavy metals may have an adverse impact on the environment.

As a part of a larger project, we are treating a domestic primary effluent using
gravel bed hydroponics (GBH). Gravel bed hydroponics is a process that uses
plants to renovate wastewater and as a method of producing plant biomass (fig. 1).
Micronutrient cations needed by these crops may be metals such as iron and
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Fig. 1. Diagram of gravel bed hydroponics (GBH). Wastewater (W) flows into the top of the watertight
channel, through the gravel (G) containing the crop roots, and out the bottom to a collection system.
The slope is 5%,. The width of the channel is 1 m, the length is 12 m, and the depth is 20 cm. Depth of
the gravel is about 5 cm. The plants remove nutrients (e.g., N and P), provide a physical filter and
microbial habitat. The gravel distributes the wastewater evenly among the crop roots, prevents
channeling of the wastewater, provides more surface area for microorganisms, increases wastewater
retention time, and decreases effluent variability. The NFT is similar, except that it contains no gravel
and is better suited for use in glass houses.

manganese [3, 4]. On the other hand, some other metals such as mercury, cadmium,
chromium, and lead are considered toxic to these plants [4-8].

Domestic waste, in general, contains low concentrations of heavy metals,
however it is possible that occasionally high levels of heavy metals could enter the
system. High levels of heavy metals could adversely affect the plants, decreasing
the effectiveness in treatment of the wastewater and/or accumulate in the plant
and therefore the plant could not be used for domestic animal feed. Large metal
- accumulations would also interfere with use of the plant for chemical feed stocks
[8-13], i.e. fermentation for acids, alcohols, and methane.

Vascular aquatic plants, employing solar energy as the principal energy source,
have been shown capable of absorption, translocation and/or metabolic use of
heavy metals and trace organics. WoLVERTON concluded from laboratory-scale
wastewater investigations that water hyacinths can remove a maximum of 0.50 mg
of nickel and 0.67 mg of cadmium per gram (dry weight) plant material over a 24-
hr period [9]. A maximum concentration of 0.176 mg of lead and 0.150 mg of
mercury per gram of dry plant tissue by water hyacinths has also been reported by
WoLverToN [10]. During the same study, alligator weed removed a maximum of
0.101 mg of lead per gram of dry plant tissue over 24 hr and a maximum of
0.150 mg of mercury per gram over 6 hours.

A field study on the tertiary wastewater treatment by the application of
vascular aquatic plants has been reported [14]. The results of this study indicated
that vascular aquatic plant systems can effectively reduce the trace contaminant
content of secondary effluent to very low levels with essentially no energy
requirements other than the sun. The removal of heavy metals obtained by the
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batch screening study was 82.1%/, for arsenic, 98.8°/, for cadmium, 92.8°/, for
mercury and 94.9%, for selenium. On the other hand, water hyacinth showed
highest removal of arsenic (12.5°/,) and cadmium (68.6%,), while duckweed
showed highest removals of mercury (70.5%,) and selenium (11.0%,).

The present study was conducted to investigate the fate of five heavy metals in
the GBH treatment system, i.e., cadmium, chromium, copper, nickel, and zinc. This
study examined the removal rate of these five metals, the uptake of these metals by
sludge and the translocation and accumulation of these metals in the plant leaves,
stems, and/or roots. Detailed descriptions of the GBH and allied processes can be
found elsewhere [9-13].

2. MATERIALS AND METHODS

The wastewater was artificially enriched with five metals individually or in
combination as their soluble salts: Cd*2, Cr*3, Cu*2 Ni*? and Zn*?2 These five
metals were selected because of their potential toxicity to plants and their advance
environmental effect. Each metal was added to the influent as the soluble nitrate
salt. A level of 5 mg/dm?® of each metal was maintained as an initial concentration.
Each experiment was conducted for a 6 to 8 hour period.

Metal removal rates and the uptake of each metal by sludge and the plants
were determined. For this purpose, samples from the influent and the effluent
wastewater were collected, acidified, and filtered through Whatman No. 4. filter
paper. Sludge and plant samples were collected at the beginning, in the middle,
and at the end of each experiment. These samples were collected in duplicate at
three different sampling locations along the reactor (0.25 m, 6 m, and 12 m, from
the top of the reactor). The plant samples were partitioned into samples of roots,
stems, and leaves. Sludge and plant samples were oven dried at 105 °C for 24
hours. The plant samples were then ground-up in a blender. The sludge and plant
samples were weighed and digested using nitric acid followed by a hydrogen
peroxide reflux [5, 6, 15]. Metal concentrations were determined using an instru-
mention laboratory atomic absorption spectrometer, model 251.

Each result is the average of 10-sequential readings. As an instrument and
procedure blank, double distilled water, that was digested using the procedures
previously described, was used.

3. RESULTS AND DISCUSSION
3.1. CADMIUM

Cadmium was added to the influent of the GBH trap at a concentration of 5
mg/dm? for 8.5 hours. Figure 2 shows the percentage removal in the effiuent over
the 8.5 hour period. The initial removal was about 60°/, which dropped to 20%/,
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at the end of the period. These removal rates do not appear to be sufficiently high
to consider the GBH an effective process for treating a waste rich in cadmium.

Figure 3 shows the concentration of cadmium in the sludge at three sample
points along the GBH tray. The GBH tray is 12 m long, therefore the top sample
point was 0 m, the middle point was 6 m, and the bottom point was 12 m. These
sample points were used consistently throughout this study.
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Fig. 3. Increasing of cadmium concentration in the sludge by increasing the exposure time along
the tray
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The cadmium concentratlon was approximately the same at all three sample

ints at the beginning (t = 0) of the experiment, i.e. the background concentra-
ons appeared to be the same throughout the tray. After four hours (t = 4) the top

d middle points showed an increase in the cadmium concentration, relative to

¢ bottom point, which was much higher than at t = 0. In the 8-hr (¢ = 8) sample

e concentration of the top and middle points, although higher than in the 4-hr

mple, appeared not to have increased nearly as much as it did from t =0 to ¢

4. On the other hand, the bottom sample had increased substantially over the ¢

4 sample. These results may indicate that the cadmium forms an equilibrium
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Fig. 4. Concentration of cadmium in plants
A — before adding CdCl,-2 1/2H,O. B — after the addition

Figure 4 shows the cadmium concentrations in the roots, stems, and leaves of
ara grass (Brachiaria mutica = Panicum purpurascens), at the top, middle, and
ottom sample points, before and after the addition of cadmium. The cadmium
oncentration in all three plant parts was low prior to the addition of cadmium.
fter the experiment its concentration in the roots increased significantly at the

and 0.6 m sample points. At the 12 m sample point that concentration was
igher than in the stem and leaf samples but was much lower than either at the 0
br 0.6 m sample points. The decrease in cadmium concentration in the roots from
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the 0 to 0.6 to 12 m sample is probably the result of a reduced aqueous cadmium
concentration in the tray. This is consistent with the results obtained in the
sludge—cadmium concentrations, which showed a similar decrease with increasing
length.

3.2. CHROMIUM

Chromium was added to the influent in a concentration of 5 mg/dm? for 6.5
hours. In excess of 90°, removal was achieved throughout the test period as
shown in fig. 5. Figure 6 shows the concentration of chromium in the sludge. It
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Fig. 5. Removal of chromium in the nutrient film wasterwater treatment process
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appears that one reason for the very good removal is the apparent strong
complexation between the chromium and sludge. The chromium concentration in
the sludge increased almost linearly with time at the 0 m sample point. Relatively
speaking, very low chromium concentration was observed in either the middle or
bottom sludge sample points.
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Figure 7 shows the concentration of chromium associated with the roots,
stems, and leaves of para grass. The roots appear to concentrate most of the
chromium from the wastewater. As was observed in the sludge, the majority had
been removed at the initial (top) sample point, indicating a strong affinity
(adsorption or absorption) for chromium.

3.3. COPPER

Copper was added to give an influent concentration of 5 mg/dm?® over a five
hour period. The influent and effluent concentrations as well as percentage
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remaval of copper are given in fig. 8. This removal remained nearly constant at
between 70 and 80°/, over the five hour test. It appears that the percentage
removal would drop with an additional length of time.
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Fig. 8. Removal of copper in the Nutrient Film Wastewater Treatment process

Figure 9 shows the increase in copper concentration in the sludge at the three
locations in the experimental tray. As expected, the copper concentration increased
at each sample point with time and decreased slightly going from the influent to
the middle sample point. The decrease in the sludge concentration at the bottom
of the tray was much greater. These results probably reflect an equilibrium
favouring the sludge (particulate) and therefore concentrating the copper at the top
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of the tray. Additional samples over several days would have provided a clearer
picture of the ultimate fate of the copper associated with the sludge.

Figure 10 shows the copper concentration in the roots, stems and leaves of the
para grass, before and after the experiment at the three sample locations in the
tray. Very little increase was observed in the copper concentration associated with
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Fig. 10. Concentration of copper in plants
A — before adding CuSO4-5SH5O. B — after the addition

the stems and leaves. On the other hand, the roots showed an increase at every
sample point. The increase was approximately threefold at each point, with an
overall decrease in concentration from the top to the bottom of the tray. It
appears that the background copper concentration, in the roots, decreased within
the length of the tray. However, this is not statistically verified because of the
widespread data points at the bottom of the tray. After the experiment the roots
did show an overall increase in copper content, while its concentration decreased
from the top of the tray to the bottom of the tray.

34. NICKEL

Nickel was added to the influent tray in the concentration of 5 mg/dm? for 7
hours. Figure 11 shows the removal of nickel in the effluent of the GBH over 7
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hours. Initially, the removal was around 85°/, and this dropped to 65°/, removal
at the end of the 7 hour test period. From the data it appears that the removal
would have continued to drop had the experiment been continued for longer than
7 hours.

Figure 12 shows the nickel concentration in the sludge at the three sample
points over the seven hour experiment. That concentration increased with time in
all of the samples. It is evident that the increase between 3.5 and 7.0 hours was not
nearly as great as from 0 to 3.5 hours. This could be explained if the system was
approaching equilibrium.

Figure 13 shows the concentration of nickel in the plant roots, stems, and
leaves before and after the experiment. As with the other metals, the roots
appeared to accumulate most of nickel. The relatively higher concentration of
nickel in the roots at the bottom sample point appears to follow the pattern
observed in nickel concentrations in the sludge. Both of these observations indicate
that nickel is not adsorbed by the sludge to the same extent as chromium. This
also explains the poor removal of nickel when compared to chromium.
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3.5. ZINC

Zinc was added to the influent in the concentration of 5 mg/dm? for 7.5 hour
Figure 14 shows the concentration of zinc in the effluent of the GBH tray. It ca
be seen that a steady increase was observed throughout the entire experiment, th
is also demonstrated in the steadily decreasing percentage removal, from 90°/, t
65%,.
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Fig. 14. Removal of zinc in the Nutrient Film Wastewater Treatment process

Figure 15 shows the concentration of zinc in the sludge, at the three samplin
points. Figure 16 shows the distribution of zinc in the plant roots, stems, an
leaves. Initially its concentration in the plant was higher than the concentration
of other metals studied. It appears as though a concentration gradient existed i
the plants before the addition of zinc in this experiment. This trend was no|
altered in the roots, where the zinc concentration went up at all sample points, bu
did decrease with increasing length of the tray.

The data suggest that the adsorption of zinc in the sludge, being not as stron
as for chromium, is similar to that of nickel. This has the effect of increasing it
concentration in the water and giving rise to a linear decrease of zinc concentra
tion in roots and small differences of zinc concentration in the sludge wit
increasing tray length.

It appears from the data presented that one of the controlling factors in th
removal of the five heavy metals studied is the removal in the sludge. The roo
portion of the plants also concentrated the metals, the concentration is dependen
on the metal. The mechanism of removal by the roots is not known and could b
either adsorption or absorption. The roots were ashed prior to analyses, bu
tightly bound (adsorbed) metal would probably not be removed.

No quantitative data exist on the mass per unit area of sludge, roots, stems o
leaves necessary to complete a mass balance.
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3.6. MIXTURE OF METALS

To simulate a spill and possibly a situation where more than one metal would
be present, all five metals were added, in equivalent weight concentration
(5 mg/dm?®) and their removal determined over 6.5 hours. Figure 17 shows the
percentage removal of the five metals.

The results in fig. 17 seem to fall into these different groups. Chromium was
effectively removed (> 95°/,) for the entire experiment. Both zinc and cadmium
were effectively removed initially, but by the end of the experiment their removal
was between 70 and 80°/,. Nickel and copper were not removed well, although
nickel was initially removed (> 90°/,), both were removed in about 40%, at the
end of the experiment.

Chromium removal was found to be excellent in both experiments, when it was
added individually or with all five metals. The removal of zinc was also about the
same when added individually or in the mixture. These results indicate that
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competition for adsorption sites did not adversely affect the removal of either
chromium and zinc.

Cadmium, when added individually, was removed inefficiently, but when added
in the mixture, the percentage removal increased. The explanation for this is not
known.

Copper showed the opposite, it was removed rather uniformly (~ 70-80%/,)
when added individually, but when added in the mixture, the percentage removal
dropped to ~ 40°/, by the end of the 6.5 hours. Nickel followed a similar pattern,
showing very poor removal by the end of the experiment.

The reduced percentage removal of both copper and nickel in the mixture
could be the result of competition for adsorption sites, in the sludge and roots, in
the presence of the other metals.

Figure 18 shows the concentration of the five metals at the three sample points,
in the GBH tray, during the eight hour experiment. Figures 19, 20 and 21 show
the concentrations of the five metals, before and after the experiment, in the plant
root, stem, and leaf samples.
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4. CONCLUSIONS

The present data showed that accumulation of five heavy metals in the sludge
was the factor controlling their removal. The root portion of the plants also
concentrated the metals much more than the stems and leaves. The concentration
factor was dependent on the individual metal. The mechanism of removal by the
root is not known and could be either adsorption or absorption.

The overall results indicated that the GBH wastewater treatment system can
effectively reduce the concentration of heavy metals for a short term period.
Removal of heavy metals (except for cadmium) obtained generally was greater
than 95 to 65°, with more than 95°/, for chromium ‘trivalent. Removal rate of
metals were in the order of:

Cr >Zn > Ni > Cu > (Cd.

RECOMMENDATION FOR FUTURE STUDY

From the experiments conducted in this study it appears that additional studics are necessary.
Foremost would be the extention of the multiple spiked heavy metal studies to be conducted over a
long time period. A more thorough understanding of metai organic and metal-inorganic interactions
in the sludge would help to predict both short term and long term effects. The mechanisms o plant
uptake are poorly understood and considerable work in this area would also provide data nccessary to
extend those studies.
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ZACHOWANIE SIE METALI CIEZKICH PODCZAS
KROTKOTERMINOWYCH EKSPERYMENTOW OCZYSZCZANIA SCIEKOW
W HYDROPONICZNYM SYSTEMIE O PODLOZU ZWIROWYM

Zbadano zachowanie sie pigciu metali cigzkich w hydroponicznym systemie oczyszczania $ciekow
o podlozu zwirowym. Badano usuwanie kadmu, chromu, miedzi, niklu i cynku ze wstgpnie oczyszczo-
nych sciekéw. Okreslono stopien ich usunigcia w zaleznosci od czasu ekspozycji. Stosowano krotkie
czasy ekspozycji (6-8 godzin), symulujac przelew lub obciazenie uderzeniowe. Mierzono stgzenia metali
w towarzyszacym osadzie oraz w lifciach, lodygach i korzeniach roflin. Duze wydajnosci usuwania
(70°/, po 6-8 godzinach) obserwowano dla chromu, miedzi, niklu i cynku. W przypadku kadmu
przecigtna wydajno$¢ usuwania wynosila 30°, w czasie 8-godzinnego eksperymentu. Z mieszaniny
wszystkich pigciu metali chrom usuwany byt w >95°,, mieszanina miedzi i cynku natomiast
usuwana byta z wydajnoécia > 90%, w czasie pierwszych trzech godzin, a po szesciu godzinach
ekspozycji spadata do ~ 70%,. Wydajnos¢ usuwania niklu i miedzi, poczatkowo dobra, spadata do
40°/, pod koniec eksperymentu.

Stosowany system hydroponiczny mial 12 m dhugosci. Dodatek metali ciezkich do sciekow
powodowal wyrazne osltabienie uprawy tylko na pierwszych 2-3 metrach. Rosliny rosnace dalej byty
zdrowe i rozwijaly si¢ bujnie.
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MOBEJAEHUE TSXEJBIX METAJIJIOB B KPATKOBPEMEHHBIX DKCIIEPMMEHTAX
OUYUCTKU CTOYHBIX BOJ B T'MAPOIIOHUYECKOW CUCTEME C I'PABMEBBIM
OCHOBAHUEM

HccnenoBaHo NMOBEACHHE MSATH TXKEIBIX METAJJIOB B TMAPOTIOHHYECKOW CHCTEME OYHCTKH CTO-
YHBIX BOJI, MCIIOJIb3YIOLIEH IpaBHEBOE OCHOBaHHE. BbUIM MPOBENEHBI HCCIIENOBAHUS YIAJIEHUS KAIMHUS,
XpoMa, Me/M, HUKEJIS M LUHHKAa M3 NpEJIBAPUTENbHO OYUILEHHBIX CTOYHBIX BOA. Ompe/esieHO CTEeNneHb
yoaneHuss 3THX METAJJIOB B (YHKIMH BPEMEHH JKCHO3MLMU. [IpHMEHEHbl KPATKHE BpPEMEHA JKCIIO-
34IMH, OT 6 10 8 4acoB, MOJEIUPYS NMEPEIUB HIIM TOJIYKOOOPa3Hylo HArpy3ky. MI3Mepsuluch KOHUEH-
TPalUMH METAJUIOB B COMPOBOXIAIOLIEM OCAJKE, @ TAKXKE B JIMCTbSAX, CTEOJIAX U KOPEHbSX PACTHTE/b-
HbIX. BoJiblIMe NPOM3BOAUTEILHOCTH YAaJIeHHsl HaOJIF0IaMCh OCOOEHHO [UTS XpOMa, MEIH, HUKEJIS U
uuHka. Oun poxomim no 709, mocie 6-8 yacos. JIysi kaaMHs CpeaHsIss MPOW3BOMTEILHOCTD Y/alie-
Hus cocTaBisiia 309, BO BpeMsi BOCbMHYAacOBOI0 JKCrepuMeHTa. M3 cMecu Bcex MSTH METAJUIOB XPOM
yanscs B cBbiie 95%,. CMmech MeM M IIMHKA YHAJISAIach ¢ OONBIION HPOU3BOAUTENLHOCTBIO (> 90%)
BO BpeMs mnepBbIX Tpéx 4yacoB. ITociie 1IeCTH YacOB IKCHIO3MLMH 3Ta MPOM3BOJMTEILHOCTh YMEHBIIH-
jJacb 10 okx. 70%,. ITpou3BOaMTEILHOCTh YHAJICHUS HHKEISs W Meau ObUla CHavalla XOpOIUeH, HO B
KOHIIE JKCIIEPMMEHTa ymeHblMnack no 407;.

ITpumensieMasi THIPOMOHNYECKast cHCTemMa uMena 12 M. amHbL. Jlo6aBJIeHHE TXKENBIX METaLIOB
K CTOYHBIM BOJAM TIPHYHHSIIOCH K OTYETIMBOMY OCJIAOJIEHHIO KYJIBTYpbI TOJBKO Ha MNEPBBIX 2-3
MeTpax. PacTenus, pactylme najbiie ObLIM 310POBBIMH M XOPOILIO Pa3BHUBAJIHCh.



