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a b s t r a c t

Hazardous landfill generates severe leachate containing salts, heavy metals and toxic refractory com-
pounds which adversely affect human health and environment. Constructed wetland (CW) systems 
are robust and applicable for removal of organics and nutrients from sanitary landfill leachate. How-
ever, its effectiveness for the treatment of hyper-saline hazardous landfill leachate (HHLL) remains 
unexplored. The feasibility of using non-vegetated baffled submerged constructed wetland (BSCW) 
system for the treatment of HHLL at different hydraulic retention times (HRTs) was investigated. 
The results revealed that the removal efficiency of CODt and nitrification efficiency was significantly 
increased from 17.4 ± 2.7% to 46.5 ± 2.9% and from 35.6 ± 2% to 65.4 ± 3.2% at increasing the HRT from 
1.7 to 10 days respectively. However, the major portion of CODt in the treated effluent was mainly in a 
soluble form which accounted for 90% of CODt. Moreover, the module achieved removal efficiency of 
95.9 ± 3.6% for Fe3+, 95.1 ± 2.9% for Zn2+, 93 ± 3.9% for Cu2+, and 92.4 ± 3% for Mn2+ at an HRT of 10 d. 

Keywords: �Constructed wetland; Hyper-saline hazardous landfill leachate; Nitrification; Salinity; 
HRT; Toxicity; Heavy metals

1. Introduction

Alexandria is the 2nd largest city in Egypt and hosts more 
than 1900 industrial facilities, including chemicals, petro-
chemicals, food processing, textile, construction, pharma-
ceuticals, textile, cement, electronics, and paper mill [1–7]. 
Huge quantities of hazardous industrial solid waste are 
daily generated and mainly dumped into local landfill creat-
ing serious environmental problems. Landfilling is still one 
of the most appropriate technologies for the final disposal of 
hazardous solid waste due to its economic advantages [8,9]. 
However, a considerable amount of hazardous leachate is 
produced due to the decomposition of solid wastes which 
affect negatively on the ground water and vegetation of 

surrounding areas [10]. The hazardous landfill leachate is 
mainly hyper-saline and highly contaminated with heavy 
metals and toxic compounds [10]. Therefore, treatment of 
hyper-saline hazardous landfill leachate (HHLL) is cru-
cial and necessary [11,12]. Advanced oxidation processes 
[4,11–17] and physico-chemical treatment technologies such 
as ozonation, coagulation/flocculation, ultra filtration, ion 
exchange and reverse osmosis is effective for treatment of 
HHLL [18]. However, these technologies require high skills 
for operation and maintenance which are not available in 
low income countries. Moreover, treatment of HHLL using 
conventional biological treatment processes are not recom-
mended due to the presence of refractory toxic compounds 
and heavy metals [19]. Alternatively, constructed wet-
land (CW) systems are considered the most economic and 
effective treatment technology particularly for developing 
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countries, due to their minimal cost for operation and main-
tenance [20]. Moreover, CW systems are widely used for the 
treatment of saline wastewater [21], metallurgic wastewater 
[22] and have been reported to be efficient for the treatment 
of sanitary landfill leachate containing recalcitrant and inhib-
itory compounds [23–25]. Fortunately, sulfate reducing bac-
teria (SRB) situated in the anaerobic zone of CW play a key 
indirect role for removal of heavy metals. Sulfide resulted 
from dissimilatory sulfate reduction [Eq. (1)] would remove 
heavy metals (M) from wastewater via precipitation of metal 
sulfide [Eq. (2)] [26]. SRB utilizes one mole of sulfate to pro-
duce one mole of sulfide which increased the alkalinity and 
raised the pH value of CWs based on Eq. (1). Fe3+, Zn2+, Cu2+ , 
Ni2+ , Cd2+ , Pb2+ and Mn2+ can be easily precipitated as metal 
sulfides in CW systems [27,28]. However, high sulfide con-
centrations negatively affected on the nitrification process 
where nitrifiers have to compete with the rapid chemical 
oxidation of sulfide with oxygen.

SO4
2− + 2CH2O + 2H+ → H2S + 2H2O + 2CO2� (1)

S2– + M2+ → MS� (2)

A number of previous studies were conducted to 
evaluate the tolerance ability of vegetated CW to high 
contaminant levels of ammonia, salts and heavy metals. 
Surrency [29] found that ammonia concentration exceeded 
160–170 mg/L adversely affected on T. latifoliawas, while 
S. validus tolerated the extreme conditions. Scirpus acutus 
was negatively affected at ammonia concentration varied 
from 20.5 to 82.4 mg/L [30]. Likewise, COD level exceeded 
200 mg/L would disrupt the metabolism of P. australisto 
[31]. Meky et al. [32] found that the vegetated CW system 
treating HHLL was not efficient and the plants died after 
an operational period of 75 d. Thus, such assessments are 
not only useful for the understanding of the tolerance of 
wetland plants but also provide the opportunity to select 
the most appropriate CW system for treatment of highly 
contaminated HHLL. A novel non-vegetated baffled sub-
merged constructed wetland (BSCW) was designed and 
extensively investigated here for treatment of HHLL. Baf-
fled flow mode and hybrid packing media were success-
fully combined in one module to overcome the limitations 
of conventional CW systems. The baffles would increase 
the length of water path, oxygen transfer from the air. The 
hybrid media (sand and gravel) would provide filtration/
adsorption and formation of several bacterial consortium 
to grow and efficiently eliminate all contaminants. How-
ever, the efficiency of BSCW for treatment of HHLL is 
hydraulic retention time (HRT) dependent. Muñoz et al. 
[34] found that the COD and nitrogen removal efficiencies 
were substantially improved by increasing the HRT from 
3 to 7 d. An appropriate microbial bacterium community 
could be established in CW system and have adequate 
contact time to remove contaminants at long HRT [35,36]. 
Huang et al. [37] found that ammonia and total nitrogen 
(TN) concentrations in the treated effluent of CW system 
significantly dropped at increasing HRT. Similar trends 
were observed by Toet et al. [38] 0.3, 0.8, 2.3, and 9.3 days 
where nitrogen removal in CW system was increased 
by increasing the residence time from 0.3 to 0.8 d. Lee et 

al. [39] reported that long HRT is required for nitrogen 
removal as compared to elimination of organics.

The present study aims to explore the feasibility of 
using non-vegetated baffled submerged constructed wet-
land (BSCW) system for the treatment of hyper-saline haz-
ardous landfill leachate (HHLL) with emphasis on the effect 
of HRT on the removal efficiency of COD fractions (CODt, 
CODs, and CODp), heavy metals and salinity as well as 
nitrification efficiency. Moreover, the fate of heavy metals in 
the sediment and the effect of salinity on the COD removal 
and nitrification efficiency were assessed.

2. Materials and methods

2.1. Hyper-saline hazardous landfill leachate (HHLL) characteristics

The leachate used in this study was obtained from 
Al-Nasreya hazardous landfill site located in new Borg 
El-Arab city, 35 km south-west of Alexandria, Egypt. The 
landfill was built in 2004 for the final disposal of indus-
trial hazardous solid waste such as asbestos, ash from 
heavy fuel oils, contaminated soil, heavy metals, sludge 
from galvanic processes, insoluble metal salts, inks, dyes, 
lacquers, paint sludge, resins, polymers, and chemical 
containers [1]. The landfill produces approximately 10 
m3/d leachate which evaporated in a natural solar pond 
creating serious environmental problems. The HHLL was 
daily collected and fed to the non-vegetated baffled sub-
merged constructed wetland (BSCW) system for a period 
of 250 d. The main physicochemical characteristics of 
HHLL are summarized in Table 1. The biodegradability of 
HHLL was quite low as BOD5/COD ratio was only 0.2 ± 
0.1. Moreover, HHLL was very toxic where EC50 was 
equivalent to 2.5 and salinity highly fluctuated from 40, 
400 to 59,700 mg/L. 

2.2. �Non-vegetated baffled submerged constructed wetland 
(BSCW) system 

A schematic diagram of BSCW system at a pilot scale 
is shown in Fig. 1. The system consisted of three surface 
flow rectangular consecutive units. The flow mode was 
horizontal in the 1st unit and vertical in the 2nd and 3rd unit 
respectively. The module was manufactured from polyvi-
nyl chloride (PVC). The dimensions of each unit were 50 cm 
length, 30 cm width and 40 cm depth with working volume 
of 53 L. Each unit was filled with 10 cm of sand (1–8 mm) at 
the top and 17 cm of coarse gravel (1–4 cm) in the bottom. 
The BSCW system was operated at an ambient temperature 
of 17–32°C. The HHLL was continuously fed to the mod-
ule using aperistaltic pump (Masterflex – USA, Cole-Par-
mer Instrument Company). The BSCW units were placed 
at different water head levels to provide a natural flow 
under gravity. The module was initially operated for accli-
matization period of 30 d of which the COD in the treated 
effluent was daily analyzed. The COD removal efficiency 
was largely fluctuated at 1–10 d and remained at a level of 
43 ± 2.5%–48 ± 2.7% at day 15 which indicates the module 
attained the steady state operating conditions. The BSCW 
system was continuously operated for a period of 252 d at 
different flow rates of 16, 19, 24, 32, 48 and 94 L/d and HRTs 
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of 10, 8.3, 6.6, 5, 3.3 and 1.7 d. The acclimatization period of 
15 d was considered after changing the HRT in each oper-
ation phase.

2.3. Analytical methods and calculations

The influent and effluent samples were collected three 
times per week and analyzed for pH, total chemical oxygen 
demand (CODt), salinity, total suspended solids (TSS), vol-
atile suspended solids (VSS), biochemical oxygen demand 
(BOD5), sulfate (SO4

2–), sulfide (H2S), total Kjeldahl nitrogen 
(TKN), ammonium-nitrogen (NH4

+-N) and nitrate (NO3
–-N) 

according to APHA [40]. A portion of the samples was fil-
tered through 0.45-μm Millipore membrane filter paper 
(Whatman, UK) for the determination of soluble chem-
ical oxygen demand (CODs). Particulate chemical oxy-
gen demand (CODp) was calculated from the difference 
between CODt and CODs concentrations. The toxicity of 
HHLL and treated effluent was measured using Microtox 
analyzer 500. Heavy metals of water and sediment samples 
were analyzed using atomic absorption spectrophotometer 
(Shimadzu, Model AA7000). 2.0 g sediment samples were 
collected from the packing media for analysis of heavy 
metals. The samples were initially dried in the oven at a 
temperature of 105°C for 24 h. Heavy metals were extracted 
using 3 ml HNO3 and 9 ml HCl and further digested for 3 h 
at a temperature of 105°C. 

The organic nitrogen (Norganic), total in organic nitrogen 
(TIN), and total nitrogen (TN) were calculated based on the 
following equations:

Norganic = TKN – NH4
+-N� (3)

TIN = NH4
+-N + NO2

–-N + NO3
–-N� (4)

TN = Norganic + TIN� (5)

2.4. Mathematical model

The modified plane equation was used to assess the 
combined effect of HRT and salinity concentrations on the 
COD removal and nitrification efficiency

Removal % = y + ax + by � (6)

where y is constant, x is the salinity concentrations (mg/L), 
y is the operational HRT (days) of BSCW system, a and b are 
the coefficients.

Table 1 
Hypersaline hazardous landfill leachate (HHLL) 
characteristics

Parameters Min. Max. Average ± SD

pH 7.92 8.34 8.16 ± 0.14

CODt, mg/L 3690 5430 4814.69 ± 323.48

CODs, mg/L 3560 4995 4298.09 ± 332.71

CODp, mg/L 60 1190 516.59 ± 281.52

BOD5, mg/L 850 1100 953.69 ± 93.02

BOD5/COD 0.18 0.23 0.2 ± 0.02

TN, mg/L 305.82 459.63 374.26 ± 29.54

TKN, mg/L 305 457.52 372.82 ± 29.47

NH4
+-N, mg/L 102 235.28 151.58 ± 29.46

Norganic, mg/L 142 306 221.24 ± 36.14

NO3
–-N, mg/L 0.7 2.61 1.48 ± 0.49

Salinity, mg/L 40400 59700 49823.24 ± 4908.17

TSS, mg/L 912 1480 1046.35 ± 95.34

VSS, mg/L 85 300 208.07 ± 50.25

VSS/TSS 0.09 0.28 0.2 ± 0.05

Cu2+, mg/L 33.8 40.56 37.58 ± 2.35

Mn2+, mg/L 20.08 27.52 23.67 ± 2.97

Fe3+, mg/L 19.97 22.84 21.28 ± 0.96

Zn2+, mg/L 39.18 40.24 40.02 ± 0.42

Ni2+, mg/L 31.94 41.43 36.29 ± 3.67

Pb2+, mg/L 0.16 0.54 0.3 ± 0.17

Cr3+, mg/L 0.94 2.13 1.53 ± 0.44

Cd2+, mg/L 0.14 0.45 0.35 ± 0.11

 
 

 

Fig. 1. Schematic diagram of the pilot scale of non-vegetated baffled submerged constructed wetland system treating HHLL.
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Statistical regression analysis of the experimental results 
was assessed at two independent variables: influent salinity 
concentrations (x) operational HRT (y) [Eq. (6)]. The fitness 
of this model was further evaluated using analysis of vari-
ance (ANOVA). The significance (p-value) was considered 
according to a 95% confidence level. The statistical analysis 
and the response surface plots were carried out using Sigma 
Plot 10.0 software.

3. Results and discussion

3.1. Removal efficiency of COD fractions 

Figs. 2a and b show the effect of HRT on the removal 
efficiency of CODt and CODs. The results revealed that 
the efficiency of non-vegetated BSCW system was grad-
ually decreased with reducing the HRT from 10 to 1.7 d. 
CODt removal efficiency was significantly decreased from 
46.5 ± 2.9% to 17.4 ± 2.7% at reducing the HRT from 10 to 
1.7 d respectively. This is mainly due to a short contact time 
between the substrate and consortium bacteria responsi-
ble for bio degradation of organics. The toxicity (EC50) was 
significantly reduced from 2.5 to 1.25 which accounted for 
50% at an HRT of 10 d. However, CODt removal efficiency 
was slightly decreased from 46.5 ± 2.9% to 39.3 ± 2.2% at 
decreasing the HRT from 10 to 8.3 d respectively. Physical 
(filtration/adsorption) followed by bio degradation process 
using different consortium bacterium accumulated inside 
the different zones of the non-vegetated BSCW system is 
mainly the possible removal mechanism of CODt. More-
over, the presence of sulfate in HHLL would effectively 
contribute to the reduction of COD by SRB and to the 
precipitation of metal sulfides [24,41]. Nevertheless, these 
results are lower than those obtained by Comino et al. [42] 
where hybrid CW system achieved COD removal efficiency 
of 73%. The residual COD value of only 82 mg/L remained 
in the treated effluent of hybrid CW at a hydraulic load-
ing rate of 5.5 cm/d [43]. Calheiros et al. [44] reported a 
removal percentage of 41–73% for COD in a pilot CW 
unit treating tannery wastewater. Herrera-Cárdenas et al. 
[45] found that the removal of organics was increased by 
increasing the HRT from 1 to 5 d. The major portion of COD 
in the treated effluent of BSCW system at an HRT of 10 d 
was mainly in the soluble form and accounted for 90% of 
the total COD effluent as shown in Fig. 2b. However, the 
removal efficiency of CODs was increased from 20.9 ± 
1.1% to 31.9 ± 4.6% at increasing the HRT from 3.3 to 6.6 d, 
respectively. The lowest CODs removal efficiency of 16.25 ± 
1.44% occurred at an HRT of 1.7 d. Apparently, the pres-
ence of salts in HHLL caused a decrease of the solubility 
of non-polar and weakly organics which inhibited the bio 
degradation of COD in a soluble form.

Three-dimensional regression analysis based on Eq. (6) 
was used to assess the combined effect of salinity (x) and 
HRT (y) on the removal efficiency of CODt and CODs. Eqs. 
(7) and (8) were statistically fitted to the experimental data 
with R2 values exceeding 0.9. Furthermore, the effect of salin-
ity and HRT on the removal efficiency of CODt and CODs 
were significant at a level of p < 0.05. The results revealed 
that salinity exceeded 48,000 mg/L adversely affected on 
the CODt and CODs removal as shown in Figs. 2c and d. 
However, increasing the HRT from 1.7 to 10 days mitigate 

the negative impact of salinity. Calheiros et al. [44] found 
that pilot CW unit treating tannery wastewater containing 
high salts achieved removal percentage of 41–73% for COD. 
A great potential for removing COD (61.5–70.5%) in CW 
system at the influent salt content of 2.0% was obtained by 
Gao et al. [46]. Nevertheless, Qiu et al. [47] reported that the 
COD removal efficiency significantly decreased in CW sys-
tem at mixing ratio of 30% of seawater and 40% of domestic 
wastewater.

CODt removal % = 20.5324 – 0.0002x + 3.5558y � (7)

CODs removal % = 9.3574 – 0.0045x + 3.4805y � (8)

The CODp exhibited similar trends to CODt and CODs, 
except at 8.3 d HRT where the removal efficiency slightly 
increased from 53.6 ± 19.6% to 54.2 ± 27.5% at decreasing 
the HRT from 10 to 8.3 d, respectively. The CODp removal 
efficiencies were significantly (p < 0.001) dropped from 
49.1 ± 30.6% to 24.2 ± 15.9% at decreasing the HRT from 6.6 
to 1.7 d respectively. 

3.2. Nitrogen species removal

Figs. 3a, b,c, and d show the effect of HRT on removal 
efficiency of the nitrogen species. The results revealed that 
TN, TKN, and organic nitrogen (Norganic) removal efficien-
cies increased by values of 11%, 11.1% and 5.6% at increas-
ing the HRT from 6.6 to 10 d, respectively. These results 
are similar to those obtained by Vera et al. [48] where 
TN and NH4

+-N removal efficiency increased by 10% at 
increasing the HRT from 3.5 to 7 d respectively. The TN, 
TKN and Norganic removal efficiencies slightly decreased 
from 34.4 ± 3.3% to 26.1 ± 3.7 %, from 34.9 ±  .4% to 26.5 
± 3.7% and from 25.5 ± 3.5% to 16.8 ± 6.5% at reducing 
the HRT from 5 to 3.3 d, respectively. However, the TN, 
TKN and Norganic  removal efficiency substantially dropped 
to 20.8 ± 3.25%, 21 ± 3.3% and 11.5 ± 5.7% at an HRT of 
1.7 d, as shown in Figs. 3a, b,and c. Norganic removal was 
mainly due to bacterial growth and ammonification (min-
eralization) in the anaerobic zone of non-vegetated BSCW 
system. Comino et al. [49] observed an increase of NH4

+-N 
concentration in the effluent of hybrid CW treating cheese 
wastewater due to the conversion of Norganic into ammo-
nia. However, 133 ± 21.1, 131 ± 16.5, 163 ± 22.9, 168 ± 29.9, 
170 ± 24.1 and 207 ± 21.5 mg/L of Norganic remained in the 
treated effluent of BSCW at HRTs of 10, 8.3, 6.6, 5, 3.3 and 
1.7 d respectively. This can be attributed to a high Norganic/
TN ratio of the influent HHLL. The highest removal effi-
ciency of ammonia was 65.4 ± 3.2% at an HRT of 10 d, 
which was dropped to 35.6 ± 2.0% at an HRT of 1.7 d(Fig. 
3d). This was mainly due to in significant  nitrification 
resulted from in sufficient available oxygen and residence 
time of nitrifiers was quite short for ammonia oxidation at 
an HRT of 1.7 d. This was not the case at HRT of 10 d where 
a considerable amount of ammonia was oxidized in the 
BSCW system due to sufficient contact time between the 
substrate and nitrifiers. These results are higher than those 
obtained by Gorra et al. [50] who found that the overall 
of ammonia removal was 26.9% in a hybrid CW treating 
cheese wastewater. However, both gravel and soil beds of 
CW systems provided similar removal efficiency of 50% 



N. Meky et al. / Desalination and Water Treatment 98 (2017) 254–265258

for ammonia [51]. The results showed that only 30% of 
ammonia was oxidized due to nitrification at an HRT of 10 
d. This indicates that portions of ammonia were removed 
due to volatilization, cation exchange [52] and synthesis 
of biomass. Total inorganic nitrogen (TIN) presumed to 
be highly removed in the upper layer of the non-vege-
tated BSCW system where available oxygen is presented 
creating favorable conditions for nitrifiers [51]. However, 
the nitrate (NO3

–-N) concentrations were quite low in the 

treated effluent i.e. 2.6  ±  0.8, 2.2 ± 0.8, 1.8 ± 0.6, 3.3 ± 1, 
2.6 ± 1 and 2.3 ± 0.9 mg/L at HRTs of 10, 8.3, 6, 5, 3.3 and 
1.7 d, respectively. This is probably due to denitrification 
process which occurred in the deepest layers of the BSCW 
system where the high porosity gravel beds might let more 
denitrifying bacteria to grow in the substratum. Moreover, 
autotrophic denitrification process could be occurred due 
to sulfide oxidation process coupled with the reduction of 
nitrate as in Eq. (9)
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5HS− + 8NO3
− + 3H+ → 5SO4

2− + 4N2 + 4H2O � (9)

Brix [52] found that NO3
−-N was mainly removed 

through the denitrification process in non-vegetated CW 
systems where the oxygen in the substratum was absent. 
The NO3

−-N accumulation in vegetated CW system was 
quite high as compared to the non-vegetated one [51] due 
to release of nutrients back into the water phase.

The combined effect of salinity (x) and HRT (y) on the 
TN, TKN, and NH4

+-N are presented in Figs 4a, b, and c. 
The predicted removal efficiencies of TN, TKN and NH4

+-N 
were statistically compared to the observed data using 
ANOVA (analysis of variance). The results showed that the 
three models Eqs. (10)–(12) were quite fitted to the experi-
mental data with R2 values greater than 0.9. Moreover, the 
combined effects of salinity and HRT were significant at a 
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level of p < 0.05. The nitrification efficiency and TN removal 
were deteriorated by increasing the salinity as shown in 
Figs. 4a, b, and c. However, ammonia removal remained at 
a high level at an HRT of 10 days which indicates that the 
nitrifiers could be able to grow even under the salt stress 
conditions. These results are consistent with the study by 
Corsino et al. [53] who found that high salinity did not affect 
nitrogen removal, where the removal efficiency reached up 
to 98% at salinity concentration of 50 mg/L. Nevertheless, 
Wu [54] reported that NH4

+-N and TIN removal efficiency 
dropped from 98% to 83% and from 78% to 56% at increas-
ing the salinity from zero to 30 mg/L for CW system treat-
ing municipal wastewater.

TN removal % = 7.7217 – 0.0001x + 3.5908y � (10)

TKN removal % = 5.5541 – 0.0002x + 3.6225y� (11)

NH4
+-N removal % = 31.9235 – 7.41x + 3.6355y� (12)

3.3. Coarse suspended solids and salinity removal efficiency

Figs. 5a and b show the removal efficiency of total sus-
pended solids (TSS) and volatile suspended solids (VSS) at 
different HRTs. TSS and VSS removal efficiency increased 
from 35.6 ± 3.9% to 45.8 ± 2.7%and from 67.3 ± 5.4% to 
78.5 ± 5.1% at increasing the HRT from 6.6 to 10 d. Lower 
TSS removal efficiency of 59.5% was recorded by Comino et 
al. [42] due to partial clogging of the hybrid CW. However, 
a considerable higher TSS removal of 96.9% and 99% was 
obtained by Merlin et al. [55]. The TSS and VSS removal effi-
ciency was further decreased to 29.1 ± 1.2% & 23.9 ± 2.8% 
and 51.9 ± 3.7% & 43.3 ± 2.9% at reducing the HRT from 5 
to 3.3 d. TSS and VSS removal efficiency was quite low at 
an HRT of 1.7 d as shown in Figs. 5a and b. The physical 
adsorption of the particles to the gravel and sand beds as 
well as filtration and sedimentation is probably the major 
removal mechanism of coarse suspended solids. However, 
it is likely that the clogging of the attached pores of gravel 
and sand beds occurred at short HRT of 1.7 d. Fig. 5c shows 
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Fig. 4. Three-dimensional and contour plots of the combined effect of salinity and HRT on the TN (a) TKN) (b) and NH4
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the effect of HRT on salinity removal efficiency. Salinity 
removal efficiency amounted to 47.8 ± 0.7% at an HRT of 
10 d and dropped up to 43.4 ± 0.9%, 35.3 ± 3.4%, 31.02 ± 
1.1%, 27.5 ± 1.5% and 20.1 ± 1.2% at HRTs of 8.3, 6.6, 5, 3.3 
and 1.7 d, respectively. However, the salinity in the treated 
effluent remained at a high level of 20 g/L which needs fur-
ther treatment.

3.4. Fate of heavy metals 

Figs. 6a, b, c, d, and 7a show the removal efficiency 
of heavy metals in BSCW at different HRTs. The results 
revealed that the system was very efficient for removal 
of Cu2+, Mn2+, Fe3+, Zn2+, and Ni2+. However, the removal 
of heavy metals was HRT dependent. Fe3+, Zn2+, Cu2+ and 
Mn2+ removal efficiency significantly decreased from 90.1 
± 1.5% to 55.0 ± 1.9%, from 85.5 ± 1.5% to 44.4 ± 2.5%, from 
81.4 ± 2.5% to 41 ± 2.6% and from 85.6 ± 1.6% to 14.4 ± 3.5% 
at reducing the HRT from 8.3 to 1.7 d respectively. 94.5% 

and 93.5% of Fe3+ was removed in passive CW treating 
landfill leachate [56]. A removal percentage of 86% for Cr3+ 
and 67% for Ni2+ were reported by Maine et al. [22] in CW 
system treating saline wastewater from metallurgic indus-
tries. The BSCW system removed 95.9 ± 3.6% for Fe3+, 95.1 ± 
2.9% for Zn2+, 92.9 ± 3.9% for Cu2+ and 92.4 ± 3.02% for Mn2+ 

at an HRT of 10 d. This can be attributed to a combination 
of filtration, adsorption, biologically mediated formation 
of metal sulfides and subsequent precipitation processes 
[20,57]. The anaerobic condition prevailed in the bottom 
layers of packing media in non-vegetated BSCW was pre-
sumably enhanced the activity of SRB, which reduced the 
sulfur compounds (48 mg SO4/L) present in HHLL to sul-
fide (38 mg/L).The production of sulfide caused an increase 
in the pH value from 8.16 ± 0.14 to 9.1 ± 0.16 due to the 
consumption of proton in the sulfate ions. The increase of 
pH value could further reduce the solubility of heavy met-
als and the toxicity of HHLL [58]. In addition, the toxicity 
of the produced metal sulfide is recognized to be relatively 
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low as compared to those for the free heavy metals [59]. The 
sulfide was likely to react with the dissolved forms of heavy 
metals forming thermodynamically stable metal sulfide 
complexes which could be precipitated on gravel and sand 
beds (when the concentration exceeds the solubility limit), 
as described elsewhere by Meky et al. [32]. These assump-
tions were confirmed by the results in Fig. 7b where the 
major portion of metals was retained in the anaerobic zone 
of the packing materials. The highest accumulation rates in 
the sediment was for Cu2+ (522 ± 17 mg/kg) followed by 
Fe3+ (387 ± 21 mg/kg), Ni2+ (345 ± 15 mg/kg), Zn2+ (345 ± 15 
mg/kg) and Mn2+ (251 ± 9 mg/kg). Likely Vymazal et al. 

[60] provide substrate for periphyton and bacteria, take up 
nutrients and in carbon-limited systems provide carbon 
for denitrification during biomass decomposition. It has 
been reported that treatment performance of planted FWS 
CWs is superior to unvegetated lagoons. However, treat-
ment performance of FWS CWs could be affected by plant 
species used. The literature survey of 643 FWS CWs from 
43 countries recorded 150 plant species and revealed that 
the most commonly used macrophyte genera were Typha, 
Scirpus (Schoenoplectus observed that the Mn2+ concentra-
tion in the sediment of hybrid CW system was 507 mg/kg. 
These results are comparable with the average Mn2+ concen-
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tration of 434 mg/kg reported by Vymazal and Krása [61]. 
A higher Fe3+ concentration 8659 mg/kg in sediments of 
hybrid CW was reported by Vymazal et al. [62]. Eckhardt et 
al. [63] reported lower Fe3+concentrations of 500–2700 mg/
kg for the CW treating landfill leachate. Chagué-Goff and 
Rosen [64] found the Fe3+ concentration of 250,000 mg/kg 
in the sediments of a natural wet land receiving wastewater 
for 35 years. Pb2+, Cd2+, and Cr3+ accumulation rates were 
relatively lower most likely due to the low concentrations 
in the influent.

4. Conclusions

Non-vegetated baffled submerged constructed wet-
land (BSCW) system is appropriate and economically 
feasible technology for the treatment of hyper-saline haz-
ardous landfill leachate (HHLL). However, the COD frac-
tions and nitrification efficiency is largely deteriorated 
by reducing the HRT from 10 to 1.7 d. The BSCW reduced 
the toxicity (EC50) of the HHLL from 2.5 to 1.25 which 
accounted for 50% at an HRT of 10 d. The anaerobic con-
dition prevailed in the bottom layers of packing media 
in non-vegetated BSCW was presumably enhanced the 
activity of SRB, which reduced the sulfur compounds 
(48 mg SO4/L) present in HHLL to sulfide (38 mg/L). 
The production of sulfide caused an increase in the pH 
value from 8.16 ± 0.14 to 9.1 ± 0.16 due to the consump-
tion of proton in the sulfate ions. The sulfide was likely 
to react with the dissolved forms of heavy metals form-
ing thermodynamically stable metal sulfide complexes 
which could be precipitated on gravel and sand beds. 
The accumulation of heavy metals in the sediment was 
for 522 ± 17 mg/kg Cu2+ followed by 387 ± 21 mg/kg for 
Fe3+, 345 ± 15 mg/kg for Ni2+, 345 ± 15 mg/kg for Zn2+ 
and 251 ± 9 mg/kg for Mn2+.

Acknowledgements

The first author would like to thank the Egyptian Min-
istry of Higher Education (MoHE) for providing her with 
financial support (MSc scholarship) and Egypt-Japan Uni-
versity of Science and Technology (E-JUST) and Japan Inter-
national Cooperation Agency – JICA (Japan) for providing 
all the facilities to accomplish this work.

References

[1]	 A.R. Ramadan, P. Kock, A. Nadim, Nasreya: a treatment and 
disposal facility for industrial hazardous waste in Alexandria, 
Egypt: phase I, Waste Manage. Res., 23(2) (2005) 167–170.

[2]	 M. Nasr, A. Tawfik, M. Suzuki, S. Ookawara, Mathematical 
modeling of bio-hydrogen production from starch wastewater 
via up-flow anaerobic staged reactor, Desal. Water Treat., 54(1) 
(2015) 50–58.

[3]	 A. Tawfik, H. El-Kamah, Treatment of fruit-juice industry 
wastewater in a two-stage anaerobic hybrid (AH) reactor sys-
tem followed by a sequencing batch reactor (SBR), Environ.
Technol., 33(4) (2012) 429–436.

[4]	 M. Alalm, A. Tawfik, S. Ookawara, Combined solar advanced 
oxidation and PAC adsorption for removal of pesticides from 
industrial wastewater, J. Mater. Environ. Sci., 6(3) (2015) 800–
809.

[5]	 A. Mostafa, A. El-Dissouky, A. Fawzy, A. Farghaly, P. Peu, 
P. Dabert, S.L. Roux, A. Tawfik, Magnetite/graphene oxide 
nano-composite for enhancement of hydrogen production 
from gelatin aceous wastewater, Bioresour. Technol., 216 (2016) 
520–528.

[6]	 A. Farghaly, A. Tawfik, A. Danial, Inoculation of paperboard 
mill sludge versus mixed culture bacteria for hydrogen pro-
duction from paperboard mill wastewater, Environ. Sci. Pollut. 
Res., 23(4) (2016) 3834–3846.

[7]	 A. Elreedy, A. Tawfik, A. Enitan, S. Kumari, F. Bux, Pathways of 
3-biofules (hydrogen, ethanol and methane) production from 
petrochemical industry wastewater via anaerobic packed bed 
baffled reactor inoculated with mixed culture bacteria, Energy 
Convers. Manage., 122 (2016) 119–130.

[8]	 J. Hashisho, M. El-Fadel, M. Al-Hindi, D. Salam, I. Alameddine, 
Hollow fiber vs. flat sheet MBR for the treatment of high 
strength stabilized landfill leachate, Waste Manage., 55 (2016) 
249–256.

[9]	 S.K. Maiti, T. Hazra, A. Debsarkar, A. Dutta, Leachate char-
acterization and identification of dominant pollutants using 
leachate pollution index for an uncontrolled landfill site, 
Global J. Environ. Sci. Manage., 2(2) (2016) 177.

[10]	 S. Elyasi, T. Amani, W. Dastyar, A comprehensive evaluation 
of parameters affecting treating high-strength compost leach-
ate in anaerobic baffled reactor followed by electro coagula-
tion-flotation process, Water Air Soil Pollut.,  226(4) (2015) 116.

[11]	 S. Ismail, A. Tawfik, Treatment of hazardous landfill leachate 
using Fenton process followed by a combined (UASB/DHS) 
system, Water Sci. Technol., 73(7) (2016) 1700–1708.

[12]	 S. Ismail, A. Tawfik, Performance of passive aerated immobi-
lized biomass reactor coupled with Fenton process for treat-
ment of landfill leachate, Int. Biodeter. Biodegrad., 111 (2016) 
22–30.

[13]	 M.G. Alalm, A. Tawfik, S. Ookawara, Degradation of four 
pharmaceuticals by solar photo-Fenton process: kinetics and 
costs estimation, J. Environ. Chem. Eng., 3(1) (2015) 46–51.

[14]	 M.G. Alalm, A. Tawfik, S. Ookawara, Solar photo catalytic 
degradation of phenol by TiO2/AC prepared by temperature 
impregnation method, Desal. Water Treat., 57(2) (2016) 835–
844.

[15]	 M.G. Alalm, S. Ookawara, D. Fukushi, A. Sato, A. Tawfik, 
Improved WO3 photo catalytic efficiency using ZrO2 and Ru 
for the degradation of carbofuran and ampicillin, J. Hazard. 
Mater., 302 (2016) 225–231.

[16]	 M.G. Alalm, A. Tawfik, S. Ookawara,  Fenton and solar pho-
to-Fenton oxidation of industrial wastewater containing pes-
ticides, 17th International Water Technology Conference, (2) 
(2013) 5–7.

[17]	 M.G. Alalm, A. Tawfik, S. Ookawara, Enhancement of photo 
catalytic activity of TiO2 by immobilization on activated car-
bon for degradation of pharmaceuticals, J. Environ. Chem. 
Eng., 4(2) (2016) 1929–1937.

[18]	 R. Bakhshoodeh, N. Alavi, A.S. Mohammadi, H. Ghanavati, 
Removing heavy metals from Isfahan composting leachate by 
horizontal subsurface flow constructed wetland, Environ. Sci. 
Pollut. Res., 23(12) (2016) 12384–12391.

 
0

200

400

600

)gk/g
m( snoitartnecnoc slate

m yvae
H

CU

Zn

Ni

Mn

Fe

Cr

Cd

Pb

Cu 

10 d            8.3 d         6.6 d          5 d            3.3 d            1.7 d 

Fig. 7. Retained heavy metals concentrations in sand and gravel 
beds of BSCW.



N. Meky et al. / Desalination and Water Treatment 98 (2017) 254–265264

[19]	 E. Wojciechowska, M. Gajewska, A. Ostojski, Reliability of 
nitrogen removal processes in multistage treatment wetlands 
receiving high-strength wastewater, Ecol. Eng., 98 (2017) 365–
371.

[20]	 T.Y. Yeh, Removal of metals in constructed wetlands: review, 
practice period, hazard toxic radio act, Waste Manage., 12(2) 
(2008) 96–101.

[21]	 Y. Liang, H. Zhu, B. Yan, Q. Zhou, X. Yu, X. Cheng, Constructed 
wetlands for saline wastewater treatment: A review, Ecol. Eng., 
98 (2016) 275–285.

[22]	 M. Maine, N. Sune, H. Hadad, G. Sánchez, C. Bonetto, Removal 
efficiency of a constructed wetland for wastewater treatment 
according to vegetation dominance, Chemosphere, 68(6) (2007) 
1105–1113.

[23]	 Y. Wu, N.F.Y. Tam, M.H. Wong, Effects of salinity on treat-
ment of municipal wastewater by constructed mangrove 
wetland microcosms, Marine Pollut. Bull., 57(6) (2008) 727–
734.

[24]	 S. Speer, P. Champagne, B. Anderson, Pilot-scale comparison 
of two hybrid-passive landfill leachate treatment systems 
operated in a cold climate, Bioresour. Technol., 104 (2012) 119–
126.

[25]	 Y. Ogata, T. Ishigaki, Y. Ebie, N. Sutthasil, C. Chiemchaisri, 
Water reduction by constructed wetlands treating waste land-
fill leachate in a tropical region, Waste Manage., 44 (2015) 164–
171.

[26]	 X. Ju, S. Wu, X. Huang, Y. Zhang, R. Dong, How the novel 
integration of electrolysis in tidal flow constructed wetlands 
intensifies nutrient removal and odor control, Bioresour. Tech-
nol., 169 (2014) 605–613.

[27]	 A. Sobolewski, A review of processes responsible for metal 
removal in wetlands treating contaminated mine drainage, 
Int. J. Phytoremediation, 1(1) (1999) 19–51.

[28]	 A. Sheoran, V. Sheoran, Heavy metal removal mechanism 
of acid mine drainage in wetlands: a critical review, Miner. 
Eng., 19(2) (2006) 105–116.

[29]	 D. Surrency, Evaluation of aquatic plants for constructed 
wetlands, Constructed wetlands for water quality improve-
ment, (1993) 349–386.

[30]	 D. Hill, V. Payne, J. Rogers, S. Kown, Ammonia effects on the 
biomass production of five constructed wetland plant species, 
Bioresour. Technol., 62(3) (1997) 109–113.

[31]	 J. Xu, J. Zhang, H. Xie, C. Li, N. Bao, C. Zhang, Q. Shi, Physio-
logical responses of Phragmites australis to wastewater with 
different chemical oxygen demands, Ecol. Eng.,  36(10) (2010) 
1341–1347.

[32]	 N. Meky, M. Fujii, A. Tawfik, Treatment of hyper saline haz-
ardous landfill leachate using a baffled constructed wetland 
system: effect of granular packing media and vegetation, Envi-
ron. Technol., in press.

[33]	 M.A. Muñoz, R.M. Rosales, M. Gabarrón, A. Faz, Effects of 
the hydraulic retention time on pig slurry purification by con-
structed wetlands and stabilization ponds, Water Air Soil Pol-
lut., 227(9) (2016) 293.

[34]	 T. Saeed, R. Afrin, A. Al, G. Sun, Chemosphere treatment of 
tannery wastewater in a pilot-scale hybrid constructed wet-
land system in Bangladesh, Chemosphere, 88(9) (2012) 1065–
1073.

[35]	 Y. Yan, J. Xu, Improving winter performance of constructed 
wetlands for wastewater treatment in Northern China: A 
review, Wetlands, 34(2) (2014) 243–253.

[36]	 J. Huang, R. Reneau, C. Hagedorn, Nitrogen removal in con-
structed wetlands employed to treat domestic wastewater, 
Water Res., 34(9) (2000) 2582–2588.

[37]	 S. Toet, R.S.P. Van Logtestijn, R. Kampf, M. Schreijer, J.T.A. 
Verhoeven, The effect of hydraulic retention time on the 
removal of pollutants from sewage treatment plant effluent 
in a surface-flow wetland system, Wetlands, 25(2) (2005) 375–
391.

[38]	 C. Lee, T. Fletcher, G. Sun, Nitrogen removal in constructed 
wetland systems, Eng. Life Sci., 9(1) (2009) 11–22.

[39]	 APHA, Standard Methods for the Examination of Water and 
Wastewater, 2012.

[40]	 D. Nedwell, P. Reynolds, Treatment of landfill leachate by 
methanogenic and sulphate-reducing digestion, Water 
Res., 30(1) (1996) 21–28.

[41]	 E. Comino, V. Riggio, M. Rosso, Mountain cheese factory 
wastewater treatment with the use of a hybrid constructed 
wetland, Ecol. Eng., 37(11) (2011) 1673–1680.

[42]	 P. Foladori, A. Ortigara, J. Ruaben, Influence of high organic 
loads during the summer period on the performance of hybrid 
constructed wetlands (VSSF+ HSSF) treating domestic waste-
water in the Alps, Water Science and Technology, 65(5) (2012) 
890–897.

[43]	 C. Calheiros, A. Rangel, P. Castro, Constructed wetland 
systems vegetated with different plants applied to the 
treatment of tannery wastewater, Water Res.,  41(8) (2007) 
1790–1798.

[44]	 J. Herrera-Cárdenas, A. Navarro, Effects of porous media, 
macrophyte type and hydraulic retention time on the removal 
of organic load and micro pollutants in constructed wetlands, 
J. Environ. Sci. Health, Part A, 51(5) (2016) 380–388.

[45]	 J. Gao, J. Zhang, N. Ma, W. Wang, C. Ma, R. Zhang, Cadmium 
removal capability and growth characteristics of Iris sibirica 
in subsurface vertical flow constructed wetlands, Ecol. Eng., 84 
(2015) 443–450.

[46]	 R.H. Wang, Z. Yu-shan, Q. Jin-quan, M. Ying-xia, Z. Xing-yu, 
Influence of seawater salinity on purification efficiency of sub-
surface flow constructed wetland, China Water Wastewater, 5 
(2009) 5.

[47]	 I. Vera, N. Verdejo, W. Chávez, C. Jorquera, Influence of 
hydraulic retention time and plant species on performance of 
mesocosm subsurface constructed wetlands during munici-
pal wastewater treatment in super-arid areas, J. Environ. Sci. 
Health, Part A, 51(2) (2016) 105–113.

[48]	 E. Comino, V. Riggio, M. Rosso, Mountain cheese factory 
wastewater treatment with the use of a hybrid constructed 
wetland, Ecol. Eng., 37(11) (2011) 1673–1680.

[49]	 R. Gorra, M. Coci, R. Ambrosoli, H.J. Laanbroek, Effects of sub-
stratum on the diversity and stability of ammonia-oxidizing 
communities in a constructed wetland used for wastewater 
treatment, J. Appl. Microbiol., 103(5) (2007) 1442–1452.

[50]	 L. Yang, H.T. Chang, M.N. Lo Huang, Nutrient removal in 
gravel- and soil-based wetland microcosms with and without 
vegetation, Ecol. Eng., 18(1) (2001) 91–105.

[51]	 H. Brix, Macrophyte-mediated oxygen transfer in wetlands: 
transport mechanisms and rates, Constructed wetlands for 
water quality improvement, (1993) 391–398.

[52]	 S.F. Corsino, M. Capodici, C. Morici, M. Torregrossa, Simul-
taneous nitritation-denitritation for the treatment of high-
strength nitrogen in hypersaline wastewater by aerobic 
granular sludge, Water Res., 88 (2016) 329–336.

[53]	 Y. Wu, N.F.Y. Tam, M.H. Wong, Effects of salinity on treat-
ment of municipal wastewater by constructed mangrove 
wetland microcosms, Marine Pollut. Bull., 57(6) (2008) 727–
734.

[54]	 G. Merlin, J. Pajean, T. Lissolo, Performances of constructed 
wetlands for municipal wastewater treatment in rural moun-
tainous area, Hydrobiologia., 469(1) (2002) 87–98.

[55]	 S. Speer, P. Champagne, B. Anderson, Pilot-scale comparison 
of two hybrid-passive landfill leachate treatment systems 
operated in a cold climate, Bioresour. Technol., 104 (2012) 119–
126.

[56]	 T. Jong, D.L. Parry, Removal of sulfate and heavy metals by 
sulfate reducing bacteria in short-term bench scale up flow 
anaerobic packed bed reactor runs, Water Res., 37(14) (2003) 
3379–3389.

[57]	 E. Stoltz, M. Greger, Influences of wetland plants on weathered 
acidic mine tailings, Environ. Pollut., 144(2) (2006) 689–694.

[58]	 P. Elliott, S. Ragusa, D. Catcheside, Growth of sulfate-reducing 
bacteria under acidic conditions in an up flow anaerobic bio-
reactor as a treatment system for acid mine drainage,  Water 
Res., 32(12) (1998) 3724–3730.

[59]	 J. Vymazal, Emergent plants used in free water surface con-
structed wetlands: A review, Ecol. Eng., 61 (2013) 582–592.



N. Meky et al. / Desalination and Water Treatment 98 (2017) 254–265 265

[60]	 J. Vymazal, P. Krása, Distribution of Mn, Al, Cu and Zn in a 
constructed wetland receiving municipal sewage, Water Sci. 
Technol., 48(5) (2003) 299–305.

[61]	 J. Vymazal, The use of hybrid constructed wetlands for waste-
water treatment with special attention to nitrogen removal: A 
review of a recent development, Water Res., 47(14) (2013) 4795–
4811.

[62]	 D.A.V. Eckhard, J.M. Surface, J.H. Peverly, A constructed wet-
land system for treatment of landfill leachate, Monroe County, 
New York, (1999) 205–222.

[63]	 C. Chagué-Goff, M.R. Rosen, Using sediment chemistry to 
determine the impact of treated wastewater discharge on a 
natural wetland in New Zealand, Environ. Geol., 40(11) (2001) 
1411–1423.


