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Abstract. Zinc and chromium are environmental pollutants #rattoxic even at very low concentrations.
Domestic and industrial wastewater discharges aobably the two most important sources for
chromium and zinc in water. In Rwanda, the dischdango natural ecosystems of untreated wastewater
containing heavy metals by factories and househislds growing problem. A bench-scale study was
therefore conducted from May to October 2007 tegtigate the major mechanisms responsible for Cr
(VI) and Zn (Il) removal from industrial wastewatesing water hyacinth. The pH effects, plant reati
growth, trace metal remaining in water samplessliccation ability, bioconcentration factor, adsump,
bioaccumulation and uptake mechanisms were inastig The pH slightly increased from the start time
pH =6.7 (0 hr) to pH = 7.64 to 7.86 (48 hr); bfiea48 hours of experiment, the pH decreased oltlect
saturation of bond sites, resulting in some H+ deamleased back into the water. The relative growth
significantly decreased #0.05) from 1, 3 and 6 mg/L in 1 week but it sligldecreased linearly after 1
week with increasing metal concentrations<(R®.05). About 56.7 % of Zn (lI) was accumulated in
petioles, 27.0 % in leaves and 16.3 % in roots. Go(VI) 73.7 % was taken up in roots, 14.1 % in
petioles and 12.2 % in leaves. It was observeditid %, 6.1 % and 1.1 % were adsorbed for 1, 36and
mg/L of Zn (ll) concentrations, respectively, bytesahyacinth plants. For Cr (VI), 9.0 %, 36.4 % and
54.6 % were adsorbed for 1, 3 and 6 mg/L, respelgtii he order of translocation ability for Cr (Mlas
leaves<petioles<roots in water hyacinth wherea&fofll) it was leaves<roots<petioles.

Keywords: Adsorption experiments,Chromium removal, industrial wastewater, metal reaiov
mechanisms, water hyacinth, zinc removal

I ntroduction

Zinc and chromium are environmental pollutants thieg toxic even at very low
concentrations. The pollution of the biosphere witixic metals has accelerated
dramatically since the beginning of the industmalolution (Nriogo, 1979). The
primary sources of this pollution include the buamiof fossil fuels, mining and
smelting of metals, municipal wastes, fertilizguesticides and sewage. Heavy metals
are of great concern primarily due to their knownricity to aquatic life and human
health at trace levels (Lesage, 2000). It has lbeparted that domestic and industrial
discharges are probably the two most importantraptigenic sources of metals in
aguatic systems (Stephenseinal., 1980). However, the lack of a reliable method to
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predict metals distribution in treatment units ikey weakness in determining the fate
of metals and their transportation in wastewateattnent processes, and therefore the
development of effective pre-treatment guidelinbgerfion, 2000). The removal of
heavy metals from aqueous solutions has therefmreived considerable attention in
recent years. However, the practical applicatioplofsicochemical technology such as
chemical precipitation, membrane filtration and exchange is sometimes restricted
due to technical or economical constraints. Fomgxa, the ion exchange process is
very effective but requires expensive adsorbenterreds (Lehmannet al, 1999;
Volesky, 2001).

The use of low-cost waste materials as adsorbdndgsolved metal ions provides
economically viable solutions to this global prabl@end could be considered an eco-
friendly solution (Volesky and Holan, 1995; Mullehal, 1989). At present, emphasis
is given to the utilization of biological adsorbsufibr the removal and recovery of heavy
metal contaminants (Mulleet al, 1989). A research study was therefore conducted
Rwanda, where there are no appropriate systemeadyhmetals removal, particularly
for zinc and chromium which are some of the maintaminants released from textile
and other industries. The development of a systemernove these toxic contaminants
was investigated using a pilot scale bench studlyamducted from May to October
2007. The aim was to investigate the major mechaigsponsible for Cr (VI) and Zn
(1) removal from industrial wastewater using walg@acinth. The water hyacinth plant
is rapidly infesting many aquatic ecosystems in toeintry. However, there are
possibilities for using the hyacinth plant in heametal removal, considering its
reported successes in general wastewater trea{ieiien et al, 1989). Such a system
could be inexpensive, providing Rwanda and othereldping countries with an
appropriate technology thus contributing to envin@mtal sustainability.

Materials and methods
Water hyacinth collection and preparation

The pilot-scale experiments were performed usieg-ftoating water hyacint(E.
Crassipesplants that had been collected from a naturalametlarea called Nyabugogo
located in Kigali City. The plants were transportedhe Chemistry Laboratory of the
National University of Rwanda, Butare, in big piagbuckets as shown iRig. 1(a).
They were then placed under natural sunlight feess days to let them adapt to the
new environment in the laboratory. The plants wgithilar size, weight and shape were
selected, rinsed with distilled water to remove apiphytes and insect larvae grown on
plants and then placed in small buckets for expantshas showm Fig. 1(b).

Figure 1. Water hyacinth collection and preparation (a) piaim big container, (b) plan view
of experimental set up
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All experiments were run in batch mode, using a nutrient solutiomicdmg 500 ml
of tap water from the valley located at Butare near the Na®aiance Centre, 500 ml
of wastewater from the Nyabugogo wetland and 20 mg of CggN,0O and NHCI,
and 40 mg of KHPQO,. The total fresh weight of plants in each bucket was measured
before the start of each growing time, which was 1, 2 and 4 weeks.

Description of the experimental setup in the laboratory

The laboratory experimental setup for zinc and chromium removahanesms
consisted of 12 small buckets as showrig 1(b). The three buckets without water
hyacinth plants served as controls (blanks) containing 1, 3 and 6 mginomfnd
chromium. Nine (9) small buckets with water hyacinth plantewesed with 3 buckets
each containingl, 3 and 6 mg/L of zinc and chromium. The buckets were malrtaine
1, 2 and 4 weeks which were the experimental periods. All expetinwere performed
in the laboratory at a constant temperature (25°C). A stock @ol(ti000 mg/L) of
each metal was prepared in distilled water which was lated as dilution water.
Individual plants were initially rinsed with distilled water temove epiphytes,
microbes, and any nutrient that might be transferred and were theedph 2 L small
plastic buckets containing 1 L of solution (0.5 L from Nyabugogo wetta0.5 L from
Butare valley ). The plants were maintained in water suppl&uddt the heavy metals
by adding the required volume of zinc and chromium stock solutions tondbtal
concentrations of 1, 3 and 6 mg/L of Cr,@¢O,) and Zn (ZnCJ), respectively.

Distilled water was added in order to compensate for wateedodsough plant
transpiration, sampling and evaporation. Water samples and pH emeasis were
taken every 60 minutes for the first 6 hours and then one sampleypdurdag 1, 2 and
4 weeks of exposure to the metal solution. All samples wegzell using 0.4um
cellulose acetate filters (Whatman papers) and acidifida Svidrops of nitric acid prior
to the storage of samples. The samples were then analyzea wenin Elmer Atomic
Absorption Spectrometer. After each test duration (1, 2 and 4 web&siinal fresh
weight for each water hyacinth plant was taken and the plaméshaevested for other
analyses. They were separated into petioles, roots and leavemalyzed for relative
growth, metals accumulation, translocation ability, bioconcentratiotorf (BCF) and
adsorption on the outer surface of roots. In addition, the metals regamithe
solution were measured to assess the removal capacity of the watmtinyplants.

Data analyses
a) Relative Growth (RG)

The relative growth of control and treated plants was calculesied) Equation 1to
assess the effects of zinc and chromium concentrations on water hyacinthghdht gr

RG = FFW/IFW (Eq.1)

Where RG denotes relative growth of water hyacinth plants during expeetih
period, dimensionless;
FFW denotes final fresh weight in grams of water hyacinth pliakisn at
the end of each experimental period, and
IFW denotes the initial fresh weight in grams of water hyacinémtpl
taken before starting experiment.
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b) Bioconcentration Factor (BCF)

The BCF provides an index of the ability of the plant to accumtiatenetal with
respect to the metal concentration in the substrate. The Bf&Fcalculated using
Equation 2 A larger ratio implies better phytoaccumulation capability.

BCF = (P/E). (Eq.2)

Where i denotes the heavy metal concerned,
BCF is the dimensionless bioconcentration factor,
P represents the trace element concentration in plant tissuesYmgL
E represents the initial concentration in water (mg/L) or in gdnsent (mg/kg
dry wt).

c) Metal Accumulation

Metals accumulation in plant and water samples were measuigédstibn of
samples in this study was performed according to the Standard Methods
(APHA/AWWA/WEF, 2005). Plant biomass samples were reducedry matter by
heating at 105°C for 24 hours in a hot air oven and the ash was diges$teutna acid
(HNOs3) and hydrogen peroxide £§8,), filtered through a Whatman® filter paper into a
volumetric flask before Atomic Absorption Spectrometer analysesfdllosving three
mechanisms were investigated to differentiate the metalrpiitsn, bioaccumulation,
and translocation by water hyacinth during the experimental period.

Adsorption

The adsorption consists of metal attachment to the outer suofatiee plant.
Adsorption was quantified after the plant had been exposed to diffaveoentrations
of chromium and zinc in different periods of times (1week, 2weeks and 4 waeks.
end of the experiment, adsorption was determined by placing rootseofater
hyacinth plant in nine 100 ml of EDTA-N&, 24 mmolarespectively fob, 10, 15, 20,
25, 30, 35, 40 and 45 minutes. This was to remove zinc and chromium traentsle
on the outer surface of the roots. The EDTA-JN&lutions were then filtered, acidified
by 5 drops of nitric acid (HN§), and then analyzed by Atomic Absorption
Spectrometer (AAS) to determine the zinc and chromium adsorbdtelylants. The
most important parameter to consider is the pH (Ketithl., 2006). Generally when the
pH decreases, the toxicity of metal ions increases becauserdpertion of the
adsorbed ion on the root system decreases (Kara, 2005).

Uptake

The uptake process is a mechanism by which metal ions arpdreats across the
cell membrane and can be used in the building of new biomass or storaduples.
This mechanism was assessed at the end of the experimental pdren water
hyacinth plants were taken out from the small buckets and rodislepeand leaves
were separated, dried in an oven at 105°C for 24 hours. The plantesamgie
transformed into ash, digested and analyzed by AAS to determ@ezibc and
chromium concentrations in plant biomass (roots, leaves and petidiesiedults from
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AAS analyses show the plant parts which have higher metalmadations. The
presence of carboxyl groups at the roots system induces a sighifation exchange
capacity and this could be the mechanism of moving heavy metaé irobts system
where active absorption takes place.

Translocation ability (TA)

The translocation ability was calculated by dividing the concemtradf a trace
element accumulated in the root tissues by that accumulated intssoes (Volesky
and Holan, 1995)TAwas calculated usingquation 5

TA = (Ar/A9) (EQ.3)

Wherei denotes the heavy metal concerned,

TA is the translocation ability and is dimensionless,

Ar represents the amount of trace element accumulated in the mmits @w),
and

As represents the amount of trace element accumulated in the shootsdmygL

Statistical analysis

In order to detect quantitative differences in the data,sstati analyses were
performed.

Standard deviation
The standard deviation was obtained from the variance by emtrabe square root
and was expressed in the unit in which the measurements were taken:

S= | Xfd’ (Eq.4)
(n-1)
Regression analysis

Regression is defined as the determination of statisticdiorehip between two or
more variables. In simple regression one variable (defined as miksge is the cause
of the behaviour of another one (defined as dependent variable). Théatmnre
coefficient (r) is expressed by equation:

r=_ D dxdy (Eq.5)

VD dx > dy?

Results and discussions
Effects of pH variations

The initial solution pH was adjusted to 6.7 in the small plastic bsekshg HCI or
NaOH. This is the pH tested in Nyabugogo Wetland from wheeehtyacinth was
collected. The pH variations over time for the water hyaetotrered containers are
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shown inFigure 3.The pH varied considerably in different buckets with water imyaci
plants over the exposure time.

pH
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177 hr
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537 hr
705 hr

Exposure time (h)

———-pH,ImgL ------ pH, 3mg/L —pH, 6mg/L

Figure 2. Results for pH variations in water hyacinth covecedtainers

Metals will precipitate as hydroxides when the pH of the wastewataséir pH 8
to 11 (Barroret al., 1982). As a result, the extent of adsorption was rather Idonat
pH values. However, in the equilibrium solid phase, Zn (Il) and Cr (df)
concentrations increased with increasing pH because of incrgasiegghtive charges
on the surfaces of the roots at high pH values. This attractéd/@kyscharged Zrll)
and Cr (VI) ions more strongly. The ANOVA with replications shdwlat for 1 mg/L,

3 mg/L and 6 mg/L there was no effect of exposure time but diifgrence between
pH effects and metal remaining in water samples QF05). It was observed that the pH
effect variations were due to the saturation of binding sitesatrsystems which affect
the pH in water samples with water hyacinth plants by releasing H+ in seatgples.

Plant relative growth (RG)

The relative growth of water hyacinth plants at different cotreéons of zinc and
chromium is shown inTable 1 It can be seen that the relative growth of plants
decreases with the increase of zinc and chromium concentrations.

Table 1. Relative changes in growth of plants vs. zinc dnmdmium concentrations

Exposuretime (week) with Zn| Initial water Final water Relative
& Cr concentrations hyacinth fresh hyacinth fresh growth
weight (g) weight (g)
1wk, 1 mg/L 32.33 85.23 2.64
1 wk, 3 mg/L 34.50 96.91 281
1 wk, 6 mg/L 26.38 50.07 1.89
2 wks, 1 mg/L 29.75 55.92 1.88
2 wks, 3 mg/L 42.90 80.18 1.87
2 wks, 6 mg/L 16.24 39.96 2.27
4 wks, 1 mg/L 41.15 85.57 2.08
4 wks, 3 mg/L 39.65 98.05 2.47
4 wks, 6 mg/L 34.54 96.16 2.78
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For water hyacinth plants treated with Zn and Cr, the plantivelayrowth
significantly decreased (R 0.05) from 1, 3 and 6 mg/L in 1 week but for 2 and 4
weeks, the relative growth decreased only slightly with inangad@ < 0.05) metal
concentrations. The relative growth exhibited a decreasing treneédcdnysrelative
increases in toxicity of chromium and zinc. The analysis ofmag showed that for 1
week exposure time, there is a high effect (difference isifgignt) of initial
concentrations (1, 3 and 6 mg/L) to the growth of the plants (P > 0.05prkiiand 4
weeks related to initial concentrations, the difference is rgtifgiant (P > 0.05).
Xiaomei et al. (2004) reported that the relative growth of whtacinth decreases
when metal concentrations increase, confirming what was obsemedhis
investigation.

Bioconcentration Factor (BCF) of zinc and chromium

The bioconcentration factor (BCF) was calculated as the ratibeofrace element
concentration in the plant tissues at harvest to the concentratibe efement in the
external environment (Zayed, 1998). The pattern of the biocongentfattor of water
hyacinth plants is shown ffig. 3.

ODlmg/L m3mg/L m6mg/lL

variation of conc. (mg/Kg)

I.C (mg/L) conc./P.T
Conc./P.T.(mg/kg) vs BCF

Note: I.C.: initial concentrations (mg/L); Conc./Pcincentration in plant tissues (mg/Kg); BCF: Biocaniragion
Factor.

Figure 3. BCF for different initial concentrations of Zinc @&hromium

A high competition between zinc and chromium accumulation by thesplaas
observed due to the kinetics of these metals. The comparison of) Zndl Cr (V1)
showed that the BCF of zinc was higher than the chromium’s BCE and 3 mg/L,
but very low for 6 mg/L for zinc. The plant accumulated more lfow initial
concentrations than for high ones. It was observed that there ignificant difference
both for zinc and chromium when comparing initial concentrations tootheeatrations
in plant tissues and bioconcentration factors for zinc and chromium (P > 0.05).

Adsorption

Figure 4 shows the adsorption experimental results for zinc and chromium. The
removal was highest for the first 15 minutes and the highest amoroncentrations
observed for 6 mg/L was around 2 mg/L, for 3 mg/L was around 1.6 mg/lfoarid
mg/L was around 0.3 mg/L. The adsorption capacity of water hyguiautits seemed to
be different when zinc and chromium are compared. For zinc, 17.6 % gfl1vmas
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adsorbed by the water hyacinth plants, 6.1 % of 3 mg/L was adsanioethe plants
adsorbed 1.1 % of 6 mg/L. For chromium, 9.0 % of 1 mg/L, 36.4 % of B argl 54.6
% of 6 mg/L were adsorbed by the water hyacinth plants. Meggo 2@8lconfirmed
that aquatic plants are able to accumulate metals at low concentrations.
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Figure 4. Desorption over time for various initial conceniats of (a) and (b) chromium

Uptake for zinc and chromium

It was observed that 56.7 % of zinc was accumulated in petiolés %2 leaves
and 16.3 % in roots. The analysis demonstrated no significant difeefendclifferent
initial concentration and exposure time (p > 0.05) in uptake mechanisnirscofThere
was a significant difference observed in plant parts in uptake ggesdp< 0.05). For
chromium, 73.7 % was taken up in roots, 14.1 % in petioles and 12.2% in leaves,
demonstrating the preference of plants to store chromium in rootsréte was the
same for zinc; no significant difference existed between plaris (p > 0.05) and also
between initial concentrations in uptake processes (p > 0.05).

Translocation ability (TA)

The quantities of trace elements accumulated in the petiolegded those in the
shoots. Roots of water hyacinth accumulated about 3 to 15 times mogeetements
than did the shoots. It appears that chromium translocation is cong#nabinc as
shown inTable 2.The ability of plants to translocate trace elements of chromium
increased for roots/leaves (5.3 times for 1 mg/L, 6.5 times fog/R and 6 times for 6
mg/L). The number of times for roots/petioles decreases (4 times for 1 mggsifor
3 mg/L and 7 times for 6 mg/L) because the order of storage was leavegsgetiots.
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Table 2. TA of (a) zinc and (b) chromium
(a) Initial conc. of Zn (I1)

Roots Shoots 1 mg/L 3mg/L 6 mg/L

1 week Roots/petioles 0.382 0.255% 0.383
Roots/leaves 1.1%4 0.732 0.164

2 weeks Roots/petioles 0.478 0.4858 0.439
Roots/leaves 0.461 0.564 0.993

4 weeks Roots/petioles 0.771 0.516 0.108
Roots/leaves 0.241 1.04F 0.255%

(b) Initial conc. of Cr (VI)

Roots Shoots 1 mg/L 3 mg/L 6 mg/L
roots/petioles 4.104a 3.663a 6.831a
1week roots/leaves 5.288a 6.4874 5.965a
2 weeks Roots/petioles 2.012a 2.2543 5.870a
Roots/leaves 2.365a 3.851a 4.564a
4 weeks Roots/petioles 1.235a 3.258a 1.239a
Roots/leaves 2.578a 3.851a 1.008a

An ANOVA was performed on the variability in translocation apilitt was
observed that the difference between metal concentratior sgnificant (p > 0.05)
and there was no significant difference between roots and shaosotation (p >
0.05).Stratfordet al. (1984) found that metal accumulations in water hyacinth increased
linearly with solution metal concentration in ordEsaves<petioles<roots. In this
research, the following order was observdéaves<roots<petioles. When the
concentration is high, the water hyacinth plant can only accumulate @ncentration
in plant cells. This is in agreement with the results of tiidysin the case of chromium
concentration accumulation in water hyacinth plants, where the higlerdoaiton was
accumulated in roots followed by petioles and then leaves. Watemtiyanaterials
were burned after all experiences to avoid the contamination.

Conclusions and recommendations

From the above results, it is concluded that water hyacinth céfeldieely remove
zinc and chromium from industrial wastewatd@he removal mechanisms of zinc and
chromium by water hyacinth plants showed that the plant concehttadtegh quantity
of metals. The experiments conducted under this study could be eg-soahclude
treatment of actual wastewater from various industries. Eabealgsign parameters
such as hydraulic retention time needs to be determined sdéhtgchnology can be
widely used in Rwanda and beyond.
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