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Water scarcity, increasing pressure on conventional water resources, and
Revise Date climatie,_constraints have made wastewater reclamation and reuse

23 September 2026 increasingly, important in dry and semi-arid regions. However, safely

discharging or), reusing treated wastewater requires adequate control of

Accept Date microbial contamination because residual microorganisms may pose health

04 October 2026 risks depending on the intended end use (UNESCO, 2023; Jahne et al.,

20243 Arden et al., 2024). Constructed wetlands have received considerable

Keywords: aftention as nature-based treatment systems because they combine physical,

o \ hemical, and biological processes with relatively low energy requirements
Phyloggiediatiqn, and comparatively simple operation (Dotro et al., 2017; Vymazal, 2022).
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Microbial removal in constructed wetlands is affected by hydraulic
conditions, substrate characteristics, temperature, vegetation, and biofilm
development. Hydraulic retention time determines the duration of
wastewater contact with the porous medium and attached microbial
communities, whereas vegetation may modify the rhizosphere and provide
additional surfaces for biofilm development (Kataki et al., 2021; Vymazal,
2022).
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Nevertheless, evidence concerning the combined influence of HRT and vegetation on microbial indicator
removal in horizontal subsurface-flow systems under hot and semi-arid conditions remains comparatively
limited (Gholipour, 2025).

Accordingly, this study evaluated an HSSF-CW treating real municipal wastewater in Dezful, Iran. The
objectives were to compare an unplanted control with P. australis, C. zizanioides, and mixed vegetation;
examine microbial removal at nominal HRTs of 3, 4, and 5 days; estimate apparent first-order decay
coefficients; and assess whether the resulting effluent concentrations complied with relevant
microbiological quality requirements.

Materials and Methods

The experiment was conducted outdoors in Dezful County, northern Khuzestan Province, Iran, under
natural climatic conditions. The study area has a hot semi-arid climate (BSh)y with an annual mean
temperature of approximately 24.4 °C, summer maximum temperatures exceeding, 50 °C, and annual
precipitation of approximately 400 mm (Beck et al., 2018; Fick & Hijmans, 2017)»Real municipal
wastewater was collected downstream of the grit-removal unit of the Dezful municipal wastewater
treatment plant and transferred to a high-density polyethylene equalization tank with an ef'tsﬁive volume of
approximately 2 m?. The influent flow was maintained at approximately 1.8 m3,d '

Four separate, parallel HSSF-CW units were operated: an unplanted contrelyP. australis, C. zizanioides, and
a mixed plantation of the two species. Each unit had a total length of 7.0 m, an internal width of 0.8 m, and
a total depth of 0.6 m, with 6.0 m allocated to the effective treatment,zone. The effective porous depth was
0.55 m, and the weighted average porosity was approximately 0.38, giving an effective hydraulic volume of
approximately 1 m*® per unit. The substrate consisted of three layers: nativessandy loam, fine gravel, and
washed coarse gravel. Vegetation was established at a density,of 25 plants m™, while the mixed treatment
maintained the same total density with approximately equal contributions from the two species.

The units were operated sequentially at nominal HRTs of 5g4, and 3,days. After each HRT adjustment, a 7-
day stabilization period was used, followed by five consecutive days of sampling twice daily. In total, 30
influent and 120 effluent samples were collected. T€ an(}\\? werepdetermined using the multiple-tube
fermentation procedure according to APHA et al. (2023). Removal éfficiency was calculated from influent
and effluent concentrations. Logarithmic reduction and the apparent first-order decay coefficient were also
determined. Because each vegetatiomtreatment was represented by only one experimental unit, the results
were interpreted descriptively rather than throughtinferential statistical testing.

Results and Discussion

Vegetated units consistently produced greater reductions in microbial indicators than the unplanted control.
According to the‘removal efficiencies presented in Table 5, TC removal in the control increased from
22.92% at an HRT, of 3ydays t0,28.62% at 5 days, while FC removal increased from 28.28% to 33.08%. In
the P. australis treatment, T€ removal ranged from 97.04% to 97.25%, whereas the corresponding range for
C. zizanioides was 98.11-98:15%." The mixed treatment showed the highest observed removal, with TC
removal increasing from §8\73% at 3 days to 99.92% at 5 days. FC removal followed a similar pattern,
increasing from 98.82%.t0 99°93% in the mixed treatment.

The effluent concentration data also indicated substantially lower TC and FC concentrations in vegetated
units than in,the control. The lowest FC concentration was observed in the mixed treatment at an HRT of 5
days, reachin;%roximately 7.69 x 10* MPN per 100 mL (Figure 3). The apparent first-order decay
coefficients, ranged from 0.07 to 1.48 d! across the investigated treatments and HRTs. The calculated
coefficients'were substantially higher in vegetated systems than in the unplanted control, while the mixed
treatment showed values of approximately 1.44—1.48 d™'.

Despite the high\ percentage removal, the remaining microbial concentrations were still above the
considered regulatory limits. The lowest observed TC concentration was approximately 81 times higher
than the cited limit of 1,000 MPN per 100 mL, while the lowest FC concentration was approximately 192
times higher than the cited limit of 400 MPN per 100 mL. Thus, percentage removal alone did not indicate
compliance of the final effluent with the considered microbiological requirements.

Conclusion

The results demonstrate that vegetation was associated with greater microbial attenuation in the investigated
HSSF-CW system, while the mixed P. australis—C. zizanioides configuration produced the lowest effluent
microbial concentrations under the tested conditions. The observed differences may be related to the
development of plant-associated biofilms and changes in the rhizosphere; however, the present experimental
design did not include direct measurements of root biomass, rhizospheric oxygen transfer, biofilm
characteristics, or microbial community structure. Therefore, these mechanisms should be regarded as
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plausible explanations rather than experimentally demonstrated causal relationships (Wang et al., 2022;
Gholipour, 2025).

Increasing nominal HRT to 5 days was associated with improved microbial removal in the mixed treatment.
Nevertheless, because the HRTs were applied sequentially, the actual hydraulic retention time was not
determined using tracer testing, and each vegetation treatment had only one independent experimental unit,
the observed patterns should not be interpreted as statistically confirmed independent effects of HRT or
vegetation. The calculated decay coefficients should likewise be regarded as apparent coefficients derived
from influent and effluent concentrations and nominal HRT rather than direct measurements of a single
microbial decay mechanism.

Overall, the HSSF-CW system demonstrated substantial attenuation of TC and FC under the hot and semi-
arid conditions of Dezful, particularly in vegetated configurations. However, the remaining effluent
concentrations did not satisfy the considered microbiological standards. Cons&quently, for applications
requiring stringent microbial quality, the HSSF-CW should be integrated with an appropriate polishing or
disinfection stage rather than relied upon as a sole treatment barrier. Further research using independently
replicated units, tracer-based hydraulic characterization, longer monitoring periods, and broader microbial
indicators is recommended. \
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o (S s;xn Wlo glagyle) 5o o Jlos! 6,185,5L SWE 5 9 (Slgyoed bl ¥ Jguar
Table 2. Hydraulic operating conditions and applied loading rates at different nominal hydraulic

retention times (HRTSs)

G\Qf)le cr GSHL &y oy s 50 o> ol i e
b 9y Flow rate, Q Ve HRTn
OLR HLR (m3 day—l) (mS) (day)

@m*day")  (mday?)
7.01 0.069 0.333 1.00 3
5.26 0.052 0.250 1.00 4
4.21 0.042 0.200 1.00 5
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(2023
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Standard Methods for el=STe by g s (20l g
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(Kadlec & Wallace, 2009; Vymazal, 2021)
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Table 3. Sampling design for each hydraulic retention time (HRT)

B ] e
Parameter Value
Hydraulic Retention Times (HRTs) 5. 4, and 3(days)
Sy wile slagle; 7
Stabilization Period After Each HRT
Obey peas & 5 ey S 0,90 Adjustment 7 days
ke
Sampling Duration at Each HRT
5 days

alo oy o ;0 (5l paiges Hlejde
S,5 paiges yilgs Sampling Frequency
&8 paiges ybg, Sampling Method
&0 paiges alasii Influent Sampling Point
8299
5,10 paiges abais Effluent Sampling Points
T

Temporal observations per unit at each
ooy 2 50 axls o gl 4 ilej wloalzHRT
Sike
Total Influent Samples

Total Effluent,Samples

yac g meoTWice daily (morning and evening)

slbasd (¢ lomasges Grab sampling\

Common influent distn'but'o%point

Four independent HSSE-CW- experimental
e Oz b sphas

yb\‘s.:.él.ej a>l5 ,la> units
Sl

10

Dayx AM/PM x HRT =5x2x3=30
Day *"AM/PM x"HRT x treatment

=5%2x3%x4=120

wile loj s g 8y o (ol B Lol

Co
x 100 (%)

Ci
Removal Efficiency(%) =

5 59959 38 ooVl u—'als\wv 4Co 3 Ci gl a5
0B 8,15 6L‘°CN) Ol ple tasis abels (29 >
g s SR (e Bi> Sy fegh cnl

Wlowds aklre (29,5 9 69959 o7 Sk ol
SySbos (2l Bl 00 S 5k 4y Lt (1
Bl o fgias oVl das jlianar slaaille
=95 s asll 5 3lee Slasl> “_SJT soan Y1
U.S. EPA, 2000; Vymazal, ) 5 .5 o )|,8 oolazuls a0

2022

Oogemaos a2 53 ¥ glos 50 g5l plonl I Sy adiges
Pl S (Slej alols (n olssS 1o 5 (6 )larSS
(APHA et al., 2023). 5505
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] 00
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Table 4. Physicochemical and microbiological characteristics of the influent wastewater

Parameter Mean + SD Min Max CV ()
oyl oo Bl uSilo Plis AR ol i oy
ol ke | Water Temperature °C) 33.56 £2.06 29.7 37.6 6.13
zls ! PH 7.06 £0.19 6.81 7.35 2.72
Jsl=e oyunST/ DO (mg/L) 0.90 +0.17 0.62 1.16 19.55
o ols> )31/ BODs (mg/L) 100.99 +6.88 90.20 114.1 6.82
losds 2lgsy5,.51/ COD (mg/L) 237.13 +23.38 193 294 9.86
JS Glee olge | TSS (mg/L) 128.53 +8.94 112 144 6.96
e,5.S | Total Coliform (MPN/100 mL)
s 1.06x108 +£5.46x106 9.77X107 1.17x108 5.15
#5445 Fecal Coliform (MPN/100 mL) X
Jiae 1.02x108 +4.39x106 948x107 ~1.11x10 4.30
&

i oo Ve e o Jaime Slaer iy it (MPNII00 mx

oy parlh So plpean asllhe cpl 3 K g
Slhles byl s o alels cadonnlin (b auslis sl
L.:‘ c_:lo L;.u...w wl) u‘}.».cd; 9 & oolaul P S0
3 S slrosls 4 Jaw Jatwwe i3ll lol> wsl)b
oy a5 5 =8l wle oy Sl Sl 5 LS
K polie cwid pns O, 903l 5l o8l Linile
it 485 18 byr (e s 5 (Slgiia
PSRN R )4{,; vl s ¢ iy
o Slas i e (gl %}l oolatwl 5 cuwl 3900

RYVIREPCS NGM)L.&‘ Aol bl 3l
b VB slavsly (29,5 ) oudspSoslal JS 0 B S
dnglie Gy apome 4 4w (gl Jais j90 jlne o>
Sladie 5l o2y > cdile alold (o5 (o (sln izeen

W

wlila o J5 o8l cbile jalS chog jslateas
D'*Bkﬁ) e = 6ol Jol 4o Bim oy
S Jahtinn Jome and dribre (ool (S y000
sloasls c bl falS ogi sl Jslate Ll
b ble alS o il YU glasilol 5 g Sue
5o 5 3o oo VT asile Bl e Ly culie

(Kadlec & Wallace, 2009; Wu et al., 2015)
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Total Coliform (MPN/100 mL)
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Fecal Coliform (MPN/100 mL)
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Table 5. Removal efficiencies of total and fecal coliforms under different vegetation treatments and
hydraulic retention times.

I “":;’t" (1) 5 pAlS Gi> (1) gegbio pdlS i
Vegetation treatment HRT (d) TC removal (%) FC removal (%)
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Figure 4. Trend of the decay coefficient k as a function of hydraulic retention time (HRT) for total
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