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a b s t r a c t
Recycling of textile wastewater for non-potable purposes by sustainable constructed wetlands (CWs) 
has gained a great attention. In this work, unplanted and planted vertical subsurface flow CWs have 
been applied to remediate simulated wastewater contaminated with Congo red dye. This treatment 
implemented in four containers packed with sewage sludge bed under the variation of hydrau-
lic retention time (HRT, 1–5 d) and inlet dye concentration (10–40 mg/L). Measurements stated 
that the heights and densities of Phragmites australis as well as Typha domingensis were increased 
from 0.15 m and 5 plant/unit at the beginning of plantation to values ≤1.65 m and 59 plant/unit, 
respectively, after 136 d. Results proved that the pH of the treated water ranged from 6.5 to 8.5, 
which is considered acceptable from an environmental view point. Also, an increase in the retention 
time with decrease of inlet dye concentration can accompany with a significant increment in the 
removal efficiencies of dye concentration and, consequently, the chemical oxygen demand (COD). 
Approximately 96.5% and 46% of dye concentration and COD, respectively, have been removed at 
the end of treatment period (=5 d) when the inlet concentration is 10 mg/L. The measurements of 
the effluent dye concentrations as a function of the retention times were well simulated by Grau 
second-order kinetic model. Based on the FT-IR analysis for sewage sludge beyond the treatment 
process, the removal of the Congo red dye from aqueous solution was enhanced by different func-
tional groups such as phenols, carboxyl, aldehydes, lactones, ketones, quinones and anhydrides.

Keywords: Wetland; Textile wastewater; Congo red dye; Sewage sludge; Sustainable

1. Introduction

Coloured textile effluents are considered severe envi-
ronmental problems as they contain mixture of organic 
and inorganic compounds such as dyes, solvents, deter-
gents and salts [1]. Among all industries, textile industry 
consumes huge quantities of water ranging from 800 to 
1,000 m3/ton; thus, it represents the largest producer of 
wastewater [2]. This wastewater can be emitted from dif-
ferent processing units such as bleaching, scouring, dyeing, 
printing, finishing and packing [3]. The ratio of biochem-
ical oxygen demand (BOD) to chemical oxygen demand 

(COD) is less than 0.1 for wastewater of this industry indi-
cating its non-biodegradable nature [4]. Unfortunately, 
the direct disposal of textile effluents to the water bodies 
without any treatment can lead to severe deterioration in 
the quality of receiving water. The existence of dyes makes 
the water not only aesthetically objectionable but also may 
cause many diseases including nausea, ulceration of the 
skin and mucous membrane, hemorrhage, dermatitis and 
irritation of the skin [5]. Artificial dyes cause serious side 
effects, such as hyperactivity in children as well as cancer 
and allergies [6]. Congo red is an acidic and anionic dye 
that can be used as an antifungal therapeutic agent in the 
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field of aquaculture, commercial fish hatchery, and animal 
husbandry. It has several negative effects on human beings 
such as amyloidosis [7–9]. Most of the dyes are stable hence 
their degradation by the traditional treatment methods 
may be difficult [2].

Several technologies were tested in the earlier stud-
ies to decolourize from wastewater such as coagulation – 
flocculation, advanced oxidation, membrane separation, 
electrochemical treatment, hydrogen peroxide, reverse 
osmosis and ozonation [3,10]. In addition, adsorption 
method was recorded as the popular technique that was 
applied to eliminate the different types of contaminants 
from aqueous solutions using various kinds of sorbents 
[11–14]. The sorbents should be easily available, cost effec-
tive, non-hazardous materials to ensure that the water is 
not secondarily contaminated. They should maintain their 
reactivity for a long period of time with uniform particle 
size distribution to prevent clogging [15–19]. High costs 
for investment and maintenance, reliable power demand, 
complexity of components and uncertainty of effectiveness 
on the long period are familiar limitations for mentioned 
technologies in the treatment of dyes-rich wastewater [20]. 
So, the efforts of researchers and authorities are directed in 
the past few years towards the benefit from systems that 
simulated natural wetland ecosystems. This was done by 
benefit from the ability of these systems in self-purification 
through establishing the best conditions for physical, chem-
ical and biological processes required for treatment [21]. 
Constructed wetland (CW) is an example of such systems, 
which have several properties such as appropriateness, 
low energy requirements, simplicity, low operating cost 
and environmental friendliness. The CW can significantly 
decrease the usage of mechanical devices, energy-inten-
sive and technical sophistication. Based on the water level, 
free water surface flow (FWSF) and subsurface flow (SSF) 
are popular classifications of CW. The second type can be 
either the horizontal flow (HF) or vertical flow (VF) accord-
ing to the direction of water movement [22]. Aquatic veg-
etation used in the CW units for improving the reclama-
tion of wastewater can include Typha, Phragmites australis, 
Typhonium flagelliforme, Eichhornia crassipes, lemna, etc. [23].

Previous publications revealed that the CWs have high 
efficacy in treating urban runoff, animal husbandry waste-
water and mine disposal [24,25], petroleum wastewater 
[26,27], textile wastewater [28,29] and domestic sewage 
[30–34]. The VF CWs glass basins were situated in Turkey 
to reduce dye concentration (BB41; 11 mg/L influent) using 
river sand vegetated with P. australis and Manchurian wild 
rice for retention time of 3, 6, 9 and 18 d. The results elu-
cidated that the percentage of dye removal was increased 
with the retention time [35]. The VF CW was utilized to 
treat wastewater contaminated with Acid Yellow 2G E107. 
Three vertical wetland units have been packed with sand, 
fine gravel and zeolite. One of these units was unplanted 
and the remaining units have been planted with Canna 
indica and Typha Angustifolia. The results signified that the 
removal percentages of colour were 87% for unplanted 
unit and 98% for others [36]. The VF CW for treating the 
wastewater containing fertilizer mixed with tap water 
and textile dyes specifically direct orange 46, AB113, 
reactive blue 198 (RB198), and basic red 46 (BR46) at low 

(7 mg/L) and high (215 mg/L) concentrations was oper-
ated. Measurements revealed that this wetland could 
remove the BR46 and AB113 dyes with efficiencies ranging 
from 68% to 96% [37].

The sewage sludge is a by-product resulted from 
wastewater treatment plant and, according to a survey of 
European Union in 2010, approximately 11.5 million tons of 
dry sludge can be produced. It is expected that this value 
will be 13.0 million tons in 2020; so, the reuse of this sludge 
in the treatment of wastewater can be considered a good 
application for sustainable concepts [38]. Therefore, the 
uniqueness of the present study is the experimental inves-
tigation with kinetic modelling for the VF CWs packed with 
sewage sludge as an alternative to the sand in the treat-
ment of simulated wastewater contaminated with Congo 
red dye under the influence of Phragmites australis and 
Typha domingensis in comparison with unplanted units.

2. Kinetic modelling

The operation of CW is very complicated because the 
treatment of influent wastewater depends on the physical, 
chemical and biological processes that occurred simul-
taneously; hence, the representation of these processes 
mathematically considered unique task. Although there 
is development of sophisticated models, most CW design 
still uses “rules of thumb” that is based on the knowl-
edge of engineers or simple first-order decay models [39]. 
However, the first-order models are insufficient for the 
design of constructed wetlands [40]. A variety of regres-
sion equations are developed to design CWs [41]. Some 
equations depend on the first-order degradation kinetics 
while others suppose the approaching of contaminants 
concentrations to zero when the retention time tends to 
infinity, which is not consistently found in CW.

Kinetic model is a useful tool for understanding the 
biological and basic transport mechanisms within the 
reactor [42]. Constants of the kinetic equation are called 
bio-kinetic coefficients or growth constants, which can 
describe and estimate the performance of the system. Bio-
kinetic constants are influenced by (1) the type of microbial 
species, (2) environmental conditions such as pH, dissolved 
oxygen, temperature, inhibitory substances, nutrients, and 
(3) decomposition of organic substrates in wastewater. 
There are many mathematical models in the literature to 
describe the processes occurred within systems identical 
to CW such as the first-order model, Grau second-order 
model, Sundstrom model, Stover–Kincannon model, Chen 
model, Contois model, and Michaelis–Menten type kinetic 
model [43,44]. The Grau second-order model was applied in 
this study to simulate the removal of Congo red dye under 
the effects of different dye concentrations versus the HRT 
variation. This model can be expressed as follows [45,46]:

S
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×
−

= + ×
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HRT  (1)

where Si is the influent contaminant concentration (mg/L), 
Se is the effluent contaminant concentration (mg/L), 
a = Si/k2X (X is the biomass concentration in the reactor; 
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and k2 is the second-order rate constant (per day), and 
b is the constant >1. Eq. (1) can be simplified to be:
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The constants (a) and (b) can be determined from the 
fitting of Eq. (2) with experimental measurements for 
removal of Congo red dye using nonlinear regression in 
the Excel-Microsoft office 2016.

3. Experimental work

3.1. Contaminant and material

Contaminant chosen in this investigation is represented 
by acidic Congo red dye, which has molecular weight equal 
to 696.66 g/mol. At acidic condition, this dye gives blue 
colour for aqueous solution and it changes to red colour 
for pH greater than 5. Wavelength opposite to maximum 
absorbance of 498 nm is adopted to measure the dye concen-
tration [47] using UV-VIS spectrophotometer (Model: T80+, 
Cary100 conc., Varian, USA) after the filtration of samples 
by 0.45 µm filter. Based on the previous study conducted on 
the textile wastewater [48], four concentrations specifically 
10, 20, 30 and 40 mg/L have been tested in this work.

Sewage sludge is selected to be the substrate for CW 
units as alternative to sand bed and it mostly consists of 
heterogeneous cultures. This bio-sorbent can be collected 
as a slurry from drying beds of Al-Rustumiya third exten-
sion municipal wastewater treatment plant, Baghdad/
Iraq, at depth of 50 cm. This slurry must dry in the air for 
5 d to obtain the particles with geometric mean diameter 
of 0.775 mm. The physical properties of this sludge are 
hydraulic conductivity coefficient of 35.2 × 10–5 m/s, bulk 
density of 1.109 g/cm3 and porosity of 0.243. Preliminary 
tests prove that the sewage sludge has the ability to release 
the organic material in the wastewater under treatment 
and a remarkable increase in the COD concentration can 
be observed. To avoid this problem, sewage sludge must 
be modified by the application of H2SO4 before usage. 
Many tests are conducted to specify the suitable quantity 
of this acid that must be added to the sewage sludge for 
preventing the release of organic matter; however, 40 mL of 
H2SO4 mixed with 500 g will be sufficient for this purpose.

3.2. Wetland set-up

Constructed wetland units were manufactured using 
four plastic containers (Fig. 1) to represent the vertical 
subsurface flow (VSSF) system that was used to treat the 
simulated wastewater containing Congo red dye. These 
units have been situated at position of 33′ 18′ 18″ N 44′ 
30′ 19″ E in Baghdad, Iraq, under natural conditions with 
mean temperature of 23°C. The work had been extended 
from 1 September 2019 to 1 April 2020 and the movement 
of wastewater within each unit was in the vertical direc-
tion to enhance the aerobic biodegradation of organic 
materials. The performance of CW units in the treatment 

of contaminated water was investigated under the effects 
of retention time, type of plant and inlet dye concentra-
tion. Each container (Fig. 1) has total depth of 60 cm with 
upper and lower diameters of 50 and 40 cm, respectively, to 
obtain the total volume of 90 L. The container was packed 
with three layers arranged from the bottom as follows: 1) 
coarser gravel (>10 mm), 2) finer gravel (<10 mm) and 3) 
sewage sludge (SS). The depth of each layer was 15 cm and 
the sludge represents the main layer for plants while the 
gravel was utilized to prevent the clogging of outlet. There 
is an outlet valve at the bottom of each unit to withdraw 
samples. This valve is connected with 12.5 cm diameter PVC 
pipe to maintain the level of wastewater below the sludge 
surface to satisfy the subsurface flow requirement. The 
packed bed was aerated by embedded perforated PVC pipe 
with diameter and length of 5 and 75 cm, respectively [49].

Phragmites australis and Typha domingensis have been uti-
lized because they are common plants in the environment of 
Iraq. Healthy species with height of 0.3 m were submerged 
with tap water for 2 d. Then, they were planted in the pre-
pared units with density of 5 plant per unit after trimming 
their height to 0.15 m to ensure the rapid growth [50]. 
The plantation process with acclimation required the period 
from September to December 2019 and experiments for 
treating the textile wastewater have begun in January 2020. 
The four manufactured containers were arranged as below:

• The first container was unplanted and fed with tap 
water only to be the reference or control (C); so, it is 
labelled as “control constructed wetland packed with 
sewage sludge, CWSSC”.

• The second container was also unplanted but fed with 
water containing Congo red dye. The designation of 

 

Fig. 1. Constructed wetland units manufactured in the present 
study (a & b) unplanted, (c) planted with Phragmites australis and 
(d) planted with Typha domingensis.
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“constructed wetland packed with sewage sludge, 
CWSS” was used for this unit.

• The remaining two containers were planted (P) with 
Phragmites australis (P) and Typha domingensis (T) where 
they must be irrigated with dye water; hence, can be 
designated as CWSSPP and CWSSPT, respectively.

3.3. Operation of the system

Batch flow mode for operation of CW units was 
adopted to avoid expenditures such as pumping and auto-
matic control costs. Wastewater was stayed within each 
unit for duration not exceeding 5 d and, then, it must be 
drained by “outlet valve”. The CW unit must be rested 
for duration not less than 10 d between two successive 
cycles of operation to obtain partially saturated condition 
and this can prepare the suitable aeration for the microbes 
in the biofilm. Samples of 30 mL were taken periodically 

after 1, 2, 3, 4 and 5 d to measure the values of pH, tem-
perature, dissolved oxygen (DO), COD, dye concentra-
tion and nutrient. The DO (mg/L) and temperature (°C) 
of water were measured using a hand-held mi 605 por-
table dissolved oxygen, MARTINI (Italy). The pH was 
measured by hand-held E-1 portable pH electrode Digital 
Meter (China). COD was measured by “closed reflux 
5220 C method” described in Standard Methods for the 
Examination of Water and Wastewater and Environmental 
Chemistry, Selected Analytical Methods, UNESCO-IHE.

4. Results and discussion

4.1. Variation of acidity and oxygen demand

Fig. 2 signifies that the pH of influent wastewa-
ter is either 7.5 or 7.6; however, this parameter for efflu-
ents from all VSS CW ranged from 6.5 to 7.4, which is 
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Fig. 2. Influent and effluent values of pH vs. the detention time in the unplanted and planted CW units packed with sewage sludge 
for different Congo red dye concentrations.
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compatible with acceptable limits of WHO specified by 
the range (6.5–8.5) [51]. For different dye concentrations, 
the decrease of pH with an increase of contact time may 
result from the metabolism of nitrogenous and phosphate 
compounds that are present in high concentration within 
the sewage sludge. Nitrification consumes alkalinity and 
produces H+ ions, which results in reduced pH values [52].

Organic contaminants are represented by COD and 
correlated with DO in water. The COD in simulated 
wastewater contaminated with Congo red dye prior to 
VSSF CW treatment was in the range 30.51–126.6 mg/L 
and the preliminary tests signified that there is no 
removal in these concentrations. This may be attributed 
to release of organic material from sewage sludge; hence 
an attempt was conducted to stabilize the organic mat-
ter through the modification of this sludge by addition 
of H2SO4. The modified sludge was utilized and results 
elucidated that there is a significant decrease in the COD 

of effluents from vegetative and non-vegetative units 
with removal efficiencies not exceeding 46% as shown in 
Fig. 3. The plants play a significant role in removingor-
ganic matter by providing habitat for several decompos-
ing microbes [53] and by transferring oxygen to their roots 
and rhizomes [54]. Maximum removal in COD was equal 
to 46% at 5 d HRT for planted units when dye concen-
tration of 10 mg/L. Decrease of HRT and increase of dye 
concentration can cause a clear decrease in the removal 
percentage specially for unplanted CW unit and, in this 
case, the minimum removal reached to 12% for HRT of 
1 d and dye concentration of 40 mg/L. Results signified 
that the height and density of plants increased dramat-
ically with the age of vegetation. They are increased 
from 0.15 m and 5 plant/unit to 1.65 m and 35 plant/unit, 
respectively, for P. australis after 136 d; however, these 
parameters have values of 1.20 m and 59 plants/unit 
beyond the same period for Typha domingensis.
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Fig. 3. Influent and effluent values of COD with removal efficiencies vs. the detention time in the unplanted and planted CW units 
packed with sewage sludge for different Congo red dye concentration.
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The degradation of organic matters must be accom-
panied with an increase in the consumption of DO over 
time (Fig. 3) and anaerobic conditions can be recognized 
for unplanted units [55] while these conditions were less 
anaerobic for planted units. This can be caused by the 
dead macrophytes and phytoplankton settle at the bot-
tom of the water body and an increase in the community 
of living organisms in SS, which stimulates microbial 
breakdown processes that require oxygen. Ultimately, 
the dissolved oxygen will be low in the treated effluent 
of wetland units. Water temperature (Fig. 4) is also a very 
important factor for all operations associated with micro-
bial vitality including water treatment and soil. Changes 
in temperature can influence on microbial activity, which 
in turn leads to an improvement in the water quality [56].

4.2. Effluent concentrations of Congo red dye and nutrient

Measurements of effluent dye concentrations with 
removal percentages for unplanted and planted CWs for 
influent dye concentrations of 10, 20, 30 and 40 mg/L with 
different HRT are plotted in Fig. 5. It seems that there is 
a high reduction in the effluent dye concentrations with 
removal efficiencies not less than 86.6% and identical 
effluent concentrations not greater than 5.36 mg/L. The 
removals of Congo red dye in the CWSS, CWSSPP and 
CWSSPT are consistent with behaviour of COD removal. 
Microbial communities acquire fundamental role in the 
degradation of dye that contaminated water because 
the microorganisms change the dye chemistry and its 
transport through reduction, accumulation, packaging 
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and paralysis [57]. The appearance of influent and efflu-
ent wastewater treated by CW units after retention time 
of 5 d for influent dye concentration of 40 mg/L can be 
observed in Fig. 6a. The colour of the influent wastewa-
ter is red, which can be removed with different percent-
ages based on the type of CWs unit. It seems that these 
units have a good ability in the elimination of red colour 
from effluent but unfortunately the yellow colour can be 
recognized, which may be produced from the low reduc-
tion efficiency of COD (Fig. 3). In addition, the existence 
of vegetative has a significant role in producing clear 
water in comparison with effluent from unplanted units.

The concentrations of NH4–N and NO3–N in simu-
lated wastewater entered into CWs are equal to 0.45 and 
12.8 mg/L for 40 mg/L dye concentration and these val-
ues are decreased with decrease of dye concentration. 
The CWSS, CWSSPP and CWSSPT units have acceptable 
ability for eliminating of NH4–N and NO3–N. For example, 

the maximum average efficiencies of NH4–N in the CWSS, 
CWSSPP and CWSSPT units havenot exceeded 25.03%, 
39.48% and 41.85%, respectively, for dye concentration of 
10 mg/L, while these efficiencies for NO3–N have values 
not greater than 27.23%, 42.37% and 42.65%, respectively, 
for same units and dye concentration. Taking into account 
the nitrification and denitrification processes, the reduc-
tion of inflowing ammonia and nitrates can be attributed 
to nitrogen from ammonia mixed with nitrates attached 
to the media surface followed by the release of nitrates 
produced in wastewater by aerobic conditions [58].

4.3. Control wetland unit

Additional CW unit packed with sewage sludge mate-
rial and fed by tap water only designated as CWSSC 
was achieved to be a reference for the performance of 
CWSS, CWSSPP and CWSSPT units. The CWSSC unit is 
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Fig. 5. Influent and effluent concentrations of Congo red dye with removal efficiencies vs. the detention time in the unplanted and 
planted CW units packed with sewage sludge.
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very important for specifying the effect of Congo red dye 
addition on the properties of the tap water used to simu-
late the wastewater contaminated with this dye identical 
to the effluents of the textile industry. Results signified 
that the pH of influent tap water to CWSSC was equal to 
7.3 and it decreased with time until stabilized on 6.8 after 
5 d because of the dissolution of carbon dioxide. The pH 
values of influent tap water and wastewater containing 
Congo red dye are closer to each other. The monitor-
ing process elucidated that the DO in tap water enter-
ing CWSSC unit through March is equal to 7.26 mg/L, 
which slightly differs from DO of simulated wastewater. 
This difference may result from the changing in the qual-
ity of tap water with January, February and March months 
that adopted to implement the mentioned tests on the 
units packed with sewage sludge. However, a high differ-
ence in the influent values of organic material (i.e., COD) 
can be recognized between units feeding with wastewater 
polluted by the Congo red dye, (the values equal to 30.51, 
70.34, 102.33 and 126.2 mg/L for dye concentrations of 10, 
20, 30 and 40 mg/L, respectively), and unit irrigated by tap 
water only with COD of 7.21 mg/L. This high difference in 
the values of COD is attributed to the addition of organic 
compound (i.e., Congo red dye) in the tap water and, con-
sequently, the tap water cannot be the source for organic 
matter. Measurements proved that the DO was decreased 

with the retention time because it exhausted in the oxida-
tion of organic matter. The values of DO and COD in the 
effluents from CWSSC unit beyond 5 d were equal to 1.51 
and 4.96 mg/L, respectively. Finally, the temperatures of 
water entering and leaving the CWSSC unit were almost 
identical to those values of CWSS, CWSSPP and CWSSPT 
units.

4.4. FT-IR analysis

The surface chemistry of the virgin sewage sludge in 
comparison with sewage sludge samples taken from CWSS, 
CWSSPP and CWSSPT units beyond the sorption of Congo 
red dye can be explained by FT-IR analysis as explained 
in Fig. 6b. Phenols, carboxyl, aldehydes, lactones, ketones, 
quinones and anhydrides are familiar functional groups 
in the sewage sludge. This sludge has several functional 
groups in the hosts specifically from volatile components. 
Broader band of 4,000–3,700 cm−1 resulting from the -OH 
groups and the water molecules that adsorbed physi-
cally. Both moisture and hydroxyl (OH) groups can lead to 
splayed peak at 2,517.1 cm−1 [59].

Alcohols, carboxyl and phenols have represented the 
structures containing hydroxyl. The absorption band at 
3,800–2,500 cm−1 was designated as OH within a group of 
carboxyl [60]. The peaks at 430.13, 460.99, 501.49, 601.79, 

Fig. 6. (a) Appearance of influent and effluent wastewater treated by different CW units packed with sewage sludge after 5 d and 
influent dye concentration of 40 mg/L, (b) Infrared absorption spectrums for sewage sludge of unplanted and planted CWs units 
before and after sorption of Congo red dye.
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669.3, 707.88, 779.2, 794.6 and 875.68 cm−1 are aliphatic C–H, 
while C–C bond occurred at 1,429.3 cm−1 [61]. Due to the 
vibration movements, the NH groups existed at 1,795.7 cm−1. 
Hence, the composition of this sludge is rich with functional 
groups and organic groups such as C–C, C=C and NH can be 
excited to cause a change in intensity due to the presence of 
root residuals. The FT-IR analysis before and after dye sorp-
tion illustrates the existence of additional peaks at 1,429.3 
and 2,856.6 cm–1, which represents C=C in the aromatic ring 
of Congo red dye. Also, the shift in other peaks indicates 
the adsorption of Congo red dye on the sewage sludge.

4.5. Grau second-order kinetic model

All experimental measurements for effluent con-
centrations of Congo red dye in the wastewater reme-
diated by unplanted and planted units of CW filled with 
sewage sludge are simulated mathematically by Grau 
second-order kinetic model. The simulation process is 
depended on the application of “solver” option in Excel 
2016 to achieve nonlinear fitting between Eq. (2) and 
experimental measurements. The major outcomes of the 

fitting are the values of constants (a) and (b) with statisti-
cal measures such as coefficient of determination (R2) and 
sum of squared error (SSE) to evaluate the concurrence 
between the measured and predicted effluent concentration.

Grau second-order kinetic model was utilized for sim-
ulating the measurements of Congo red dye concentra-
tions in the treated effluents as a function of HRT for all 
CW units for inlet concentration under consideration. The 
concurrence between this model and concentration mea-
surements can be observed in Fig. 7. All constants resulted 
from fitting with values of R2 and SSE have been listed 
in Table 1. It seems that there is a satisfactory matching 
between experimental results and model predictions as clear 
from values of SSE in combination with R2.

5. Conclusions

Measurements of pH with concentrations of COD, 
DO and Congo red dye in the effluents from planted and 
unplanted VSSF CW units packed with sewage sludge 
signified the importance of these units in the reclamation 
of simulated coloured wastewater. The values of pH for 
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Fig. 7. Grau second-order kinetic model for effluent concentrations of Congo red dye in comparison with experimental measurements 
vs. the detention time in the unplanted and planted CW units packed with sewage sludge.
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treated water from all units are within the range (6.5–8.5), 
which satisfy the environmental prescribed limits. The 
lowest values of removal efficiencies for COD (≈12%) and 
Congo red dye (86.6%) were observed in the unplanted 
unit at inlet dye concentration of 40 mg/L beyond 1 d. 
Significant increments in the removals of COD and Congo 
red dye were observed with decrease of inlet dye concen-
tration (10 mg/L) to be more than 45% and 96%, respec-
tively, for planted units beyond 5 d. These increments 
were accompanied with a remarkable decrease in DO due 
to the degradation process to obtain the lowest values in 
the planted units after 5 d regardless the dye concentra-
tion. Also, the heights and densities of plants increased 
dramatically to reach the values not greater than 1.65 m 
and 59 plant/unit, respectively, after 136 d from plantation 
process. In addition, the units planted with Phragmites aus-
tralis and Typha domingensis are more efficient in the treat-
ment process from the unplanted ones; however, the used 
plants have approximately the same effect on the efflu-
ent characteristics. Results proved that the Grau second- 
order kinetic model has a high ability in the description 
of the dye concentration in the treated water with time. 
Finally, FT-IR test demonstrated that there are a number 
of functional groups responsible for the enhancement of 
the removal of Congo red dye onto sewage sludge.
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