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The role of water hyacinth on removal of organic carbon was investigated in free water constructed
wetlands. A model incorporating the activities of suspended and biofilm biomasses was developed in
order to simulate the various processes involved in the transformation and removal organic matter in
the water hyacinths constructed wetland. The results show that the major processes governing the
organic carbon transformation and removal in a water hyacinth constructed wetlands system are
sedimentation of solids (56.5%), regeneration of organic carbon (25.5%), oxidation of organic carbon to
carbon dioxide (6.4%), plant decay (4.4%) and uptake of organic carbon by heterotrophic bacteria
(4.2%). The total permanent removal of organic material was 26.7% of the total influent chemical oxygen
demand (COD). The COD removal efficiency of the model when the effect of biofilm was considered was
40.5%. However, in absence of biofilm activities, only 34.0% of COD was removed. This confirms the
significance of the water hyacinth roots as an attachment media, which is extremely biologically active

in assisting the organic carbon removal in the water hyacinth constructed wetland.
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INTRODUCTION

Water hyacinths have demonstrated a great potential for
purification of wastewater through physical, chemical and
biological mechanisms (Mayo and Kalibbala, 2007).
Artificial wetlands have been used for secondary
treatment (Gersberg et al., 1985; Vymazal, 2010) and for
specific tertiary treatment such as removal of nitrogen
(Senzia et al., 2004) and bacteria (Kalibbala et al., 2008;
Mayo and Kalibbala, 2007; Vymazal, 2010). Successful
case studies indicate that wetlands significantly reduce
organic matter, suspended solids (SS), pathogens, heavy
metals and excessive nutrients such as nitrogen,
phosphorus and heavy metals from wastewater (Yi et al.,

2009; Mugasha, 1995; Mayo and Kalibbala, 2007; Mayo
and Bigambo, 2005; Vymazal, 2010; Mayo et al., 2013).
The deviation in chemical, biological, and physical
characteristics among wetland ecosystems and
complications in understanding and predicting the
efficiency of such systems, have motivated the
development of artificial wetland systems (Barrie, 2002).
As a result, for over 50 years, natural and artificial
wetlands have been engineered for wastewater treatment
(Senzia, 2003) particularly for small and medium sized
communities and isolated areas in Europe and the USA
where over 700 artificial wetlands have been constructed



http://creativecommons.org/licenses/by/4.0/deed.en_US
http://creativecommons.org/licenses/by/4.0/deed.en_US

122 Int. J. Water Res. Environ. Eng.

(Water 21, 2000).

Artificial wetland systems use floating or submerged
aquatic plants in the treatment of industrial or domestic
wastewater such as Eichhornia crassipes (Mayo and
Kalibbala, 2007), Phragmites mauritianus (Senzia et al.,
2004; Bigambo and Mayo, 2005) and Typha domingensis
(Senzia, 2003; Nakibuule, 2013; Okurut, 2013). Until
recently, most of the floating aquatic plant systems for
wastewater treatment have been water hyacinth systems
(USEPA, 1988). E. crassipes have been used in a variety
of experimental and full-scale systems either for
removing algae from oxidation pond effluents or for
nutrient removal following secondary treatment in tropical
regions (USEPA, 1988; Polprasert and Khatiwada, 1997).
Other beneficial functions of wetlands include
supplementary wildlife and human use benefits resulting
from treatment wetlands. However, some researchers
have also pointed potential problems of wastewater
treatment in wetlands such as bioaccumulation of toxins
and transmission of diseases (Knight et al., 2000;
Muyodi, 2000).

Numerous studies have verified the usefulness of
constructed wetlands (Barrie, 2002), and have provided a
database for the development of design manuals for
wastewater treatment with artificial wetlands (Reed et al.,
1995). In spite of these advances on removal
mechanisms of organic matter in constructed wetlands,
models have failed to adequately predict performance of
wetland systems. Organic carbon removal variability has
tended to be influenced by a variety of factors resulting in
its irregular removal pattern, which has complicated the
optimization of organic carbon removal in artificial
wetlands. The objectives of this paper are to determine
and quantify the role of water hyacinth E. crassipes
(Mart.) Solm for removal of organic carbon and to
develop a mathematical model incorporating the activities
of suspended biomass and bio-film on plant roots on
removal rate of organic carbon in artificial water hyacinths
wetland.

METHODOLOGY
Layout of plant and data collection

Two pilot wetland units of dimensions 7.5 m long, 3.5 m wide and
0.85 m deep were constructed adjacent to primary facultative pond
at the University of Dar es Salaam (Figure 1). The location of the
wetland units was at latitude 6°48’S and 39°13'E, 30 m to the north
where the mean monthly air temperature of the site varies between
23 and 28°C with a mean value of 26°C (Mayo, 1989). The wetland
units, which were planted with E. crassipes, were supplied with
wastewater from the primary facultative pond at an average flow
rate of 1000 L/day.

Flow was measured at the inlet and outlet of the water hyacinth
unit with the aid of graduated container and a stopwatch. Samples
of examination of water quality parameters were collected at the
inlet and outlet of the system at 10:00 a.m once every two days.
Samples were also collected along the length and depth of the
wetland unit from sampling ports installed at the sides of the
wetland units. Collections were done in a clean 250 ml sampling

bottles and samples were immediately taken to the water quality
laboratory at the University of Dar es Salaam for examination.
Samples containing settleable solids were blended with a
homogenizer and preliminary dilutions were made for wastes
containing high chemical oxygen demand (COD) to reduce the error
in measuring small sample volumes. All physical-chemical
parameters were determined in accordance to Standard Methods
for the Examination of Water and Wastewater (1996). Analyses of
samples were conducted within 2 h of sampling. Measurement of
temperature and pH were done in-situ using pH meter (Metrohm pH
meter, model 704). Dissolved oxygen (DO) concentrations were
determined in-situ using a digital DO meter (YSI DO meter, model
50B). Chemical oxygen demand was measured using closed reflux
method in accordance with Standard Methods for the Examination
of Water and Wastewater (2012). Surfer 7.0 software was used to
produce contour variation of the physical and chemical parameters
with time, along the length and across the depth in the wetland unit.

RESULTS
Variation of physical chemical parameters

Concentration of dissolved oxygen (DO) in the wetland
decreased from an average of 2.16 mg/l in the influent to
0.51 mg/l in the effluent. Dissolved oxygen decreased
because the rate of its consumption by microorganisms
for biodegradation of organic carbon was higher than its
rate of production in the system. It is worth mentioning
that water hyacinth plant roots generate only a small
portion of the oxygen required for oxidation of organic
carbon (Senzia, 2003). Unfortunately, interfacial diffusion
of oxygen from the atmosphere and the production of
oxygen by algae photosynthesis were suppressed by the
dense plant cover, which reduced the surface gas-
exchange and wind-induced turbulence.

For similar reasons, the average pH in a water hyacinth
wetland decreased from 7.87 to 7.26 because of
complete cover provided by the plants on the water
surface resulting in prevention light penetration,
consequently inhibiting algae photosynthesis activities in
the wetland. Consumption of CO, decreased as a result
of inhibition of growth of algae resulting in shift of
Equation (1) towards the right. This has resulted in
reduction of hydroxyl ions, thus lowering the pH of
wastewater.

CO, +OH~ < HCO; "

The wetland system was 0.8°C colder at the effluent
compared to the influent because of plant biomass mat,
which prevented the direct solar energy from increasing
the temperature of the wetland unit. This has a negative
effect on the system as temperature has a significant
influence on the rate of uptake of organic carbon, the
interfacial gas transfer and settling rate of biological
solids (Metcalf and Eddy, 1995).

Table 1 shows that COD concentration in the wetland
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Figure 1. Layouts of the experimental wetland system.

decreased from an average of 210 mg/l in the influent to from 215 mg I near the influent to about 95 mg I™* near
121 mg/l in the effluent, which is equivalent to 42% the effluent (Figure 2). COD concentration decreased
removal efficiency. The variation of COD along the length gradually along the length and appears to increase
and depth of the wetland unit shows that COD decreased towards the bottom of the wetland unit. There was
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Table 1. Variation of physical-chemical parameters in water hyacinth wetland.

No Parameter Influent Effluent
Range Mean Range Mean
pH 7.75~8.14 7.87 7.10~7.48 7.26

1

2. Dissolved oxygen (mg/l)

3.  Temperature (°C)

4 Chemical oxygen demand (mg/l)

1.65~2.78 2.16
26.5~27.7 26.9
184~228 210

0.36~0.68 0.51
25.6~26.5 26.1
75~135 121

Depth (m)

[a] pH

Depth (m)

[b] DO {mg/l)

Depth (m)

[c] Temp. ? C

Depth (r)

[d] COD (mg/)

Length {m)

Figure 2. Variation of (a) pH (b) Dissolved oxygen (c) Temperature and (d) COD with the length and depth of the wetland.

evidence that COD was increasing with the depth of
wetland unit, which is an indication of settling of organic
particles to the benthic layer.

Model development
Conceptual model and organic carbon mass balance

The developed model incorporated activities of biofilm
and suspended biomass on the transformation and
removal mechanisms of organic carbon in the wetland
unit. The model took into consideration the state
variables substrate COD, COD in benthic layer and plant

organic carbon as the major forms of organic carbon in
the wetland unit. The transformation mechanisms that
were considered in the model include oxidation of COD to
carbon dioxide (CO,), uptake of organic carbon by
heterotrophic bacteria, regeneration of organic carbon,
sedimentation of organic carbon, plant decay, generation
of methane (CH,) and release of carbon dioxide from the
sediment. The transformation and removal mechanisms
were conducted by attached root biofilm and suspended
bacteria biomass.

The conceptual model that includes suspended and
biofilm biomass activities influencing the organic carbon
transformations and removal were developed (Figure 3).
The model illustrates the material flow in and out of the
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Figure 3. Conceptual model for organic matter transformation in wetland.

state variables substrate COD (Scop), plant organic
carbon (plant OC) and COD in benthic layer (Bcop),
respectively.

The system was considered as a continuous plug flow
hydraulic regime. The rate of change of COD

dc i in wetland was based on the
dt

design assumption of the plug flow hydrodynamics and
the first-order organic matter removal kinetics (USEPA,
1988) as shown in Equation (2).

concentration with time =~

— =kt
dt (2)

In which t = hydraulic retention time (day™); and kr is
temperature-dependent first-order reaction rate constant
at wastewater temperature of T°C, which is given as

kT _ kzoe(ﬁzo)

Where ky= Reaction rate constant at 20°C and 6 =
Temperature coefficient. Equation (3) is obtained on
integrating Equation (2).

_ —krt
Ceff - c:im‘e (3)

Where C¢ and Ci, are concentrations of COD in effluent
in mg I and influent in mg I, respectively.

In analyzing the main influential mathematical
expressions, mass balance equations of all organic
materials were developed. The entire material balance
that encompasses all forms of substances produced and
consumed in biochemical processes, accumulations,
inflows and outflows were considered. In this model, a
steady state system was assumed. Equation (4) defines
the overall mass balance equation for transformation and
removal of organic carbon within the boundary of the
water hyacinth constructed wetlands.

(dgtc = CODinf - Kox + KTL*JCOD + Kdec - Kup - st _CODeh‘ ]
(4)

Where dOC/dt = Rate of change of organic carbon
concentration (g m? day™); Kup = Uptake rate of organic
carbon by heterotrophic bacteria (g m? day™); KOX =
Organic carbon oxidized to carbon dioxide (g m™ day™);
Kreg cp = Organlc carbon regenerated from the sediment
(g m? day"); Keg = Sedlmentatlon rate of particulate
organic carbon settllng (g m? day™); Keec = Plant decay
rate (g m” day™); COD.nf = Chemical oxygen demand
load in influent (g m™ day™); COD ot = Chemical oxygen
demand load in the effluent (g m?day™).

The oxidation term (K,y) in Equation (4) is the amount
of organic carbon oxidized to CO, (day™) by heterotrophic
bacteria and is influenced by the concentration of
dissolved oxygen and temperature in accordance with
Equation (5).
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_ DO
Kox = (kzo + kb )-(Q(T 20)-(@}} SCOD "

Where Ko, = Oxidation term (g m?day™); ke = First order
reaction rate constant (day™); ks, = Biofilm constant (day’
Y 0= temperature coefficient; DO = Dissolved oxygen
concentration (g m™); Kpo = Half saturatlon rate constant
for dissolved oxygen concentration (g m’ ) Bcop= COD
concentration (g m’ )

The substrate consumption rate by the biofilm bacteria
Ksp is defined by Equation (6).

Ksb = kth (6)

Where C, = Substrate concentration at time t (g m™).
Biofilm constant k, was modelled using Equation (7) in
accordance with Polprasert and Agarwalla (1994).

( al j
kb:a‘s
a+A 7

as is specific area for biofilm activity (m* m™) which is
calculated from the sum of the surface area of the
bottom, sidewalls of the wetland and the roots of the
plants in accordance with Equation (8).

1 2 R
a, =—+ —+
h I

2 S
— 4 2

The term a (m day?) in Equation (7) is defined by
Equation (9).

DS
a=—

S (©)
Where DS Diffusivity of the substrate through the liquid

(m? day™); Ls = the liquid sub-layer thickness (m). The
liqguid sub-layer thickness Ls was considered by
Williamson and McCarty (1976) to consist of two layers,
namely: L, the outer liquid sub-layer and Ly the inner
layer. The inner layer is considered constant with a
dimension of 56 um. Experiments on column reactor
conducted by Rittmann and McCarty (1980) revealed that
the liquid sub layer thickness (Ls) ranged from 1.198x10™
to 2.26x10™ m for superficial flow velocities between 3.22
and 43 m day™.

Coefficient A in Equation (7) is mathematically defined
by Equation (10).

a

L
A = tanh(p)K , —
¢ (10)

Where Ky, = First order biofilm rate constant (day ) Lf =
Biofilm thrckness (m) which range from 1.462x10™

1.615x10™ in water hyacinth wetlands (Polprasert and
Agarwalla, 1994). The characteristic biofilm parameter

(@) is defined by Equation (11).

11)

The uptake rate of organic carbon by heterotrophic
bacteria in Equation (4) is influenced by forcing functions
such as dissolved oxygen, quality of substrate,
temperature and pH within the system of growth. The
uptake rate of organic carbon by heterotrophic bacteria in
g m?dayis given by Equation (12).

K :ﬁ H oo bo Koy 9120 |
! Ymax ™ KSCOD+SCOD KDO+DO llO PHopi=PH) 1J

12)

Where pma= Maximum growth rate of heterotrophic
bacteria (day'l); Ymax = Maximum substrate utilization rate
(mg biomass/mg COD); K, = Limiting value for pH; pHop:
= Optimum pH; Kscop = Half rate saturation constant for
C(gD concentration (g m™); Scop = COD concentration (g
m™).

The decay of plants Ky depends on the uptake of
inorganic carbon and mortality of the plants. Plant
decaying rate is modeled using first-order kinetics in
accordance with Equation (13).

Ky = Poc D

dec

rate ( 1 3)

Where Kg. = Plants decay rate (g m’ day ) Poc =
Uptake of organic carbon by plants (g m™); Dy = Plant
decay constant (day™).

The sedimentation term Ksq (g m?day™) is considered
to be the sum of sedimentation in the root zone (S,q) and
plain sedimentation in the liquid zone (S,) and is
represented by Equation (14).

+S

st = S w (14)

root

Sedimentation in the root zone (S, is defined by
Equation (15). The reaction rate coefficient is based on
the cylindrical collector (Logan et al., 1993) because the
root of the water hyacinth plants is assumed cylindrical.

4 au (1- p)

root — 17
V4 d, (15)



The parameter n is a single collector removal efficiency
calculated from Stokes’ law in accordance with O’Melia
(1985) and is defined by Equation (16).

_ (pp _pw)gde
- 18 14y

(16)

Where g = Acceleratlon due to gravity (m s ) pp
DenSIty of particle (kg m’ ) pw = Density of water (kg m" )
d, = Diameter of settling particle (m) which ranges from
0.5 to 40 ym (Metcalf and Eddy, 1995); o = Sticking
coefficient of the particle which ranges from 0.0008 to
0.012 (Khatiwada and Pol;arasert 1999); us= Q/A = Flow
velocity of the liquid (m s™), where Q and A are flow rate
and surface area; P = Porosity of the media in
percentage, which varies from 95 to 96.5% (Kim and Kim,
2000); D¢, = Diameter of collector (m) which ranges from
0.0006 to 0.003 (Reddy, 1985).

For temperature above 20°C the viscosity of water ()
varies with temperature in accordance with Equation (17)
(Weast, 1981).

log 41— (1.3220(20 ~T)-0.0010539(T —20)° ]

7. T+105 (17)

Where pr = Viscosity of water at T° C (kg m s B Moo =
Viscosity of water at 20°C = 1.002x10° (kg m™s™)

Plain settling in the liquid zone follows Stoke’s law in
accordance with Equation (18).

S, = Lppl—Jgd 2
B (18)

The total sedimentation term (Kgg) in the wetland unit is
then defined by Equation (19).

4 Py — Py 1-P Pp~
Ka=|— - gdzpuf — |+ " |gd? COD_(lg)
m 18*pu Deo 18 * 1
The mass balance for CODg; term (g m'2) is represented
by Equation (20).

% = Kup + st - KregcoD - KCO2 - KCH4
dt (20)

The rate of methane generation (Kcps) is influenced by
anaerobic condition in the COD sink. The generation rate
of methane is modelled using first order kinetics in
accordance with Equation (21).

K(:H4 = DmSinkBOD 1)
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Where Kchs = Generation rate of methane (gm day )
CODgjnk= Sink COD term (g m’ ) D, = Generation
constant for methane (day ) Kcoz = Release rate of
carbon (day™) from the sediment in Equation (20), and is
defined by Equation (22).

Keo, =U, (2B *"Sgop *0.531S,

(22)

Where U,pqy = Release rate (day™); B = Arrhenius
temperature constant; CODg; = Active bacterial biomass
(gm’ ) Sy, = Fraction of bacteria settling.

The mass balance for plant uptake rate of inorganic is
defined by Equation (23).

dPyc

dec

= Kox +Kegg, =K
(23)

Calibration and optimization of model parameters

STELLA 6.0.1 software was used to run the developed
conceptual model that incorporated equations of different
processes involved in the wetland system. Mathematical
processes were used to connect the various relationships
among state variables and forcing function. Equations
defining processes like sedimentation, biofilm activity and
growth of microorganism, regeneration of organic carbon,
decay of plant biomass and oxidation of organic carbon
to carbon dioxide were included into the model. The data
collected from the wetland units were used as inputs to
the model for model calibration. The inputs were the
influent concentration of COD, dissolved oxygen
concentrations, pH and temperature values that were
measured on daily basis. The simulation was done using
Stella Il software, which integrated the model using the
in-built fourth-order Runge-Kutta approximation. The best
values for unknown coefficient were obtained through
calibration using observed data against simulated ones.
The model efficiency R? was calculated from Nash and
Sutcliffe (1970), which is given by Equation (24).

ne_F-F
F (24)

Where F, is the sum of the difference of squares between
the observed and mean of observed values while F is the
sum of the difference of squares between the observed
and computed values.

The conceptual diagram shown by Figure 3 was used
for modeling the transformation of organic carbon in
wetlands. The sensitivity analysis of model results
against model inputs indicated the sensitive parameters
as the maximum growth rate of microorganism bacteria
(Mmax), temperature coefficient (B), specific area for biofilm
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Table 2. Model calibration values.

No.  Parameter Literature range Reference Calibration
1. Temperature coefficient (©) 1.0t0 1.1 Metcalf and Eddy (1995) 1.02

2. Maximum growth rate of heterotrophic bacteria at 20°C, pmax_20 0.18 Ferrara and Hermann (1980) 0.16

3. Optimum pH, pHopt 40~95 Barnes et al. (1981) 75

4. First order biofilm rate constant Kra (day-) 336.6 Polprasert and Agarwalla (1994) 336.6

5. Half rate saturation constant for DO, Koo (g m3) 0.1~1.0 Okabe et al. (1995) 1.0

6. Sticking coefficient, a 0.0008 ~ 0.012 Polprasert and Khatiwada (1999) 0.008

7. Specific area for biofilm activity, as (m2m?3) 5.76 ~ 20.83 Polprasert and Agarwalla (1994) 6.76

8. Diffusivity of a substrate through a liquid, Ds (m2 day-1) 5.26x105 Polprasert and Agarwalla (1991) 5.268x105
9. Liquid layer thickness, Ls (m) 1.19x104 ~ 2.26x10*  Ritmann and McCarty (1980) 2.26x10
10.  Biofilm thickness, Lt (m) 1.462x104 ~ 1.615%x104  Polprasert and Agarwalla (1994) 1.615x10-3
11.  Half rate saturation constant for COD, Kscop (g m3) 15t0 75 Okabe et al. (1995) 18

12. Density of settling particle, pp (kg m3) 1050 to 1500 Metcalf and Eddy (1995) 1300
13.  Fraction of bacteria settling, Sp 0.05 Canale (1976) 0.05
14, Maximum substrate utilization, Ymax (mg biomass/mg COD) 0.5t01.0 Metcalf and Eddy (1995) 1.0

15.  Limiting value for pH, Kpx 199 ~ 288 Mashauri and Kayombo (2002) 288
16.  First order reaction rate constant, k2o (day') 01~12 Reed et al. (1995) 0.1

17.  Viscosity of water, p2o (kg m-'s) 1.002x10-3 Metcalf and Eddy (1995) 1.002x10-3
18.  Diffusivity of a substrate in biofilm layer, Dr (m2 day-") 2.3x10% Rittman and McCarty (1980) 2.38x105
19.  Diameter of collector, Dco (M) 0.0006 ~ 0.003 Reddy (1985) 0.0007
20.  Regeneration rate for inorganic carbon, Ur (day-) 0.09 Foree and Jewell (1970) 0.07
21.  Arrhenius temperature constant at 20°C, B 1.02~1.09 Fritz et al. (1979) 1.04
22.  Porosity, P (%) 95~ 96.5 Kim and Kim (2000) 96

23.  Generation constant for Methane, D (day-') - - 0.006
24.  Settling particle diameter, dp (Um) 0.5~40 Metcalf and Eddy (1995) 5.6 um

activity (as), settling particle diameter (d,), first order
reaction rate constant (kyo), half rate saturation constant
for COD concentration (Kcop), density of settling particle
(pp) and maximum substrate utilization (Y max)-

The main objective of the simulation was to predict the
effect of the activities of suspended biomass and
attached plant root biofilm, on transformation and
removal mechanisms of organic carbon in water
hyacinths constructed wetlands. The efficiency of the
model was found to be 73%, which indicates that the
observed data fits well with the simulated values. The
values of the optimized constants and coefficients used in
the model during calibration are shown in Table 2.

The system performance showed the mean observed
COD effluent was 110.5 g m™while the computed effluent
was 104.4 g m. The Mean Absolute Deviations (MAD),
which is the average deviations between each data value
and the mean, was determined from 25 data sets
collected over a two month period. MAD of the observed
and the computed effluent were 16.4 and 19.4 g m?,
respectively and the observed and simulated removal
percentages of COD in the unit were 38.3 and 40.5%,
respectively. The closeness of these values suggests that
the model predicted well the organic carbon
transformation mechanisms in water hyacinth constructed
wetlands. Table 3 shows the COD mass balance for state
variables simulated by the model. The state variables

were substrate COD, plant organic carbon and sink COD.
The processes involved in transformation mechanisms
were oxidation of organic carbon to carbon dioxide, plant
decay, regeneration of organic carbon, uptake of organic
carbon by heterotrophic bacteria, settling of organic
carbon and generation of methane.

The overall mass balance was 69.2 g m?day” which
is close to 67.1 g m™ day™, which is the total sum of the
accumulation in plant OC, sinkcop, and Scop in the
system. This shows that the szystem obey the law of mass
conservation. About 7.5 g m“day™ of carbon dioxide was
consumed by plants in the photosynthesis process (the
oxidation process contributed 6.4%) while the decay
process returned 6.7 gm? day' to the water body
(contribution to the transformation process was 4.4%)
Thus, an accumulation of 0.95 g m™? day™ organic carbon
in the plant biomass was observed which is completely
removed from the system. About 17.9 g m™ day™ of
organic carbon was consumed by microorganism in the
formation of new cellular material (contribution to the
transformation was 4.2%). The uptake of organic carbon
by microorganism resulted to the regeneration of 53.1 g
m? day™" of organic carbon back to water column (this
transformation process accounted only 25.5%). About
106.4 g m? day™ of organic carbon was settled down to
the sediment leading to high removal of 56.5% from the
system. Therefore, due to sludge accumulation anaerobic
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Table 3. Transformation mechanisms of organic material in Water hyacinth wetland.

No. Transformation process Mass load of organic material (g m day™)
1. Influent organic material 175.5

2. Effluent organic material 104.4

3. Organic material settled in the benthic layer 106.4

4, Organic material regenerated from the benthic layer 53.1

5. Methane released from the benthic layer 3.8

6. Water hyacinth decay rate 6.7

7. Organic material oxidized by heterotrophic bacteria 7.4

8. Uptake of organic material by microorganisms 17.9

9. Oxidative catabolism of organic material to CO 2.7

decomposition in the sediment released 2.7 g m™ day™ of
CO, to the system and 3.8 g m™ day™® of CH, was
completely removed from the system (CO, and CH,
contributed 1.2 and 1.8% to the transformation process).
The permanent COD removal was 26.7% and largely
contributed by sedimentation, biofilm activity and to
smaller extent by generation of methane.

The effects of biofilm biomass activities were studied by
setting the biofilm parameter to zero in the calibrated
model and re-run. The output produced the removal
percentage of COD was 34.0% when the model was
simulated without considering the effect of biofilm, which
is lower than 40.5% when biofilm effect was taken into
consideration. The mean absolute deviation (MAD) of
simulated effluents with and without biofilm effect was
10.0 and 34.5 g m™, respectively. This high divergence
showed the significance of the biofilm effect in
transformation and removal of organic carbon through
bio-oxidation mechanism as studied by Sooknar (2000).
These results confirm the results of Stowell et al. (1981)
who reported that water hyacinth roots provide physical
support for a thick bacteria biofilm that actively degrades
the organic matter.

Model applications and limitations

This mathematical model can be used to predict
transformation and removal of organic material in artificial
wetlands implanted with E. crassipes. Its applications
require knowledge of influent concentration of organic
material, effective surface area of E. crassipes roots, flow
rates of domestic wastewater, density and size of settling
particle, porosity of the media and biofilm activities. Other
environmental and  physical-chemical parameters
required include pH, temperature and dissolved oxygen.
Stella 6.0.1 software or any other software may be used
to simulate any state variable or process provided all
inputs are known.

Conclusions

From the results of this study the following conclusions

are made:

(1) Transformation of organic material in E. crassipes
artificial wetland was governed by settling of organic
solids to benthic layer (104.4 g m™day™), regeneration of
soluble organic matter from particulate matter (53.1 g m’
day™) and uptake of organic matter by microorganisms
(17.9 g m®day™) and uptake by organic material by
biofilm growth on E. crassipes (7.4 g m™day™). Other
transformation route such as decay of E. crassipes (6.7 ¢
mday™) and release of gases such as methane (3.8 gm’
day™) and carbon-dioxide (2.7 g mday™) from benthic
layer were relatively ineffective.

(2) Organic material was largely removed through net
loss to sediments (64.7 g m?day™), production of
methane from benthic layer (3.8 g m“day™) and net
carbon removed through uptake by plants and
microorganisms (3.4 g m®day”). The total mass of
removed carbon amounted to 71.9 g m*day™, which is
equivalent to 41% efficiency of organic carbon removal in
this wetland.
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