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Efficiency of Removing Fecal Coliforms and Escherichia coli Using Sand Filtration
Combined with Activated Carbon and Sewage Sludge-Derived Biochar for Water Reuse
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Abstract

The utilization of treated municipal wastewater is an important strategy for improving urban
water resource efficiency. However, microbiological water quality remains a major constraint to its safe
reuse. This study evaluated the removal efficiency of fecal coliform bacteria (FCB) and Escherichia coli
(E. coli) using sand filtration incorporating activated carbon and biochar produced from sewage sludge
to improve reclaimed water quality. A pilot-scale filtration system was designed to compare three fil-
tration configurations: (1) sand filtration with biochar, (2) sand filtration with activated carbon, and (3)
sand filtration with a combination of biochar and activated carbon. The results demonstrated that the
combined biochar and activated carbon filtration system achieved the highest performance in removing
organic matter, nutrients, and suspended solids through filtration, adsorption, and ion exchange, result-
ing in reductions in water contaminants. The removal efficiencies of biochemical oxygen demand (BOD),
chemical oxygen demand (COD), total nitrogen (TN), total phosphorus (TP), and total suspended solids
(TSS) were 78.91 + 8.34%, 89.51 + 2.86%, 85.88 + 9.30%, 98.92 + 2.52%, and 97.09 + 1.74%, respectively.
Furthermore, the system achieved 99.47 + 0.61% removal of FCB and 99.85 + 0.52% removal of E. coli.
These findings indicate that incorporating biochar with activated carbon enhances filtration performance
and has potential for wastewater reclamation and reuse. Nevertheless, an additional disinfection step
is recommended to ensure that reclaimed water meets the water quality criteria recommended by the

United States Environmental Protection Agency (U.S. EPA) and can be safely reused.
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nsdansfileiusenaunsvans lawn nsdandanuriunszuiunissesaasuuuliltesndiau (anaerobic
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z’i’wﬁﬂifﬁmymwu (A prototype reactor) (WAAIAIAIN Figure 1.) Y1 INALNULAH YUIALEUH Y
AUONANY 20 LWUAIRT AINEY 120 WURLIAST YUY 1.5 HAAIINS MUABLSIFUgEn 10 U5 T91uau 3 1 s
nsosfilalumannassusznoulume (1) ne 411a 0.45-0.55 Sadums (2) Tulowns wuin 0.84-2.00 Tadums
way (3) auriusiun vum 0.84-2.00 faduing %afaqﬂiaqﬁg& 3 wiln UsTyRsiUfnsafiseiuUTIng 28 Ans
felumAdeiiioufieussuunsessan 3 JUuun laun (1) ssuunsemmesudululens (2) ssuunsemsng
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melaanglsone Wuszeznan 120 i Mntudinuasazdauenvuamensunsniluunn 0.84-2.00

a o
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(AT GTERN
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al., 2012; Muoghalu et al., 2025)
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SF = sand filtration, BF = biochar filtration, and CF = activated carbon filtration

Figure 1. Schematic diagram of the prototype filtration reactor and its operating configuration.

Table 1. Operating schedule of filtration systems

Filtration configuration Operating period

Sand Filtration with Biochar (SF+BF) Odd-numbered hours
Sand Filtration with Activated Carbon (SF+CF) Odd-numbered hours
Sand Filtration with Biochar and Activated Carbon (SF+BF+CF) Even-numbered hours

Odd-numbered hours: 01:00, 03:00, 05:00, 07:00, 09:00, 11:00, 13:00, 15:00, 17:00, 19:00, 21:00, and 23:00 hours.
Even-numbered hours: 02:00, 04:00, 06:00, 08:00, 10:00, 12:00, 14:00, 16:00, 18:00, 20:00, 22:00, and 00:00 hours.

91191579 Table 1 M3AmuAgULUUMTAUsTUURTSUUUARUTIINAT SenstaluaaAuasdalus
g fngusrasaLiiolsruunsesia 3 Uuuu lafuidessnunaadentuniglaannzamuaminisuay
flnaiestunaonszozinaniameass ledeinindessiinnug 1,000 a3 uazimvuadasnisinainng
srUUNTENNIAY 300 Ansredalus adszuumuaussduimeludsinaziduguinfesuoanfulnde
Uinastianaiingt 600 ans uazmqmgtﬂﬁaizﬁﬂiﬁLﬁu%ﬁﬂi&ﬁuﬂawu@maqﬁhﬁﬁ1ﬁhﬁhﬂﬁiﬁﬂuumlﬁézuu
nsemesmiululonns (SF+BF) uazszuunsomsesmiuauiutiug (SF+CF) vianulurstilusavd way
szuunsemesmiululomanazuiusiun (SF+BF+CF) vhaulursdalunavgiiu ielnssuunsesta 3
sUuuUlasuthiegsnndaindsaiuneunsiutifesaseulva SeasanauulsUIuTemN WG]
BuALIEINTEUILNTEY uasfiveumnzanlunisuieudisulsyavsnmnisihinuaamsvessruunsedun

azguuuy
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Figure 2. Flow chart of experimental operation and water quality analysis
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Methods for the Examination of Water and Wastewater (American Public Health Association et al., 2023)
wsdmesiiasza laun anundunsa-nns (pH) mmsqlu (Turbidity) Biochemical Oxygen Demand (BOD)
vasufsurauaseaun (T5S) lulnsiauiionun (TN) sleaesanaun (TP) Chemical Oxygen Demand (COD)
wuadii3eladasusianun (total coliform bacteria; TCB) uunfiSenauildalaaesa (FCB) uax Escherichia
coli (E. coli) mii'lmmma{llayjaﬂ&mmﬂuﬁ’na?{a (Mean) LLazahmﬁmwummg’m (Standard Deviation;

SD) LiBUAAIAINANNLALNNTNTENETVBIVBYANNNIATIVIAAMA TN IULARE ST UUNTBY

NANISANYILAZIIT

miﬁﬂmﬂisﬁw%mwmiUi"Uﬂqﬂ@zumwﬁﬁo;wiswﬂimﬁﬂﬂﬁﬂsajgmwu [GERIARTIAANIIP RN
3 sUuUY laun (1) ssuunsemsesauiululens (2) ssuunsommesuiuniuiuliug uae (3) szuunsed
nerfululerswarautuiun Weltuiussaunmirfiunsiidaduiiaesanssuutintdegumsy
vodlsamuaunmamilungumLIIuAT WU AunwiARuN st uiasnoug sruunTesdsd
%aai"]r"fﬂﬁwu@mmwﬁwﬁm%miﬁwﬂé’wﬂsgﬂiﬂwﬁ%méﬂwaam"‘a Lﬁaﬂmﬂ@mé’ﬂwmzmmﬁwmqwmﬁma%
Fapunionw iadl uazgataine luaenrassfuinumuiasgiuamn e TnglanizainuuLazUIum
LLUﬂﬁL%‘EJﬂqliJﬂﬁaIﬂaWagﬂJ (FCB) @ailmniu 8.08+2.81 NTU waz 25,917+3,965 MPN/100 mlL Augsusis
wanslu Table 2 Fosassmafinosinganmunaenasgiunusuurimes US. EPA fitwunlinasian
aviuyulanAu 2 NTU uaglumswuuuaiiGenquildaladvlesudmiumatindualufiensinumsuagnisly
gluitufiundios saludsiansmuilydlufiuilauaisisaeadonisansiiuauu (US. EPA, 2012) 4
AudnYuEras 19 i uNsUTRaINg uil aestuasnoulmifuiwwedidavesnisfidneyniauriuass
asBure wavaduniofinnandlu dafu Feflenusudureafiunszuiunsuiussamnmihdnedmis e

anUTunaastudeunazydunisinasnnassiuredvuaniuaunmuinuingUseasavesnisiinauanly

Uselowian (Silva, 2023)
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Table 2. Water characteristics before and after treatment using prototype filtration reactors

*Guidelines Water Characteristics
Parameter Unit for

water reuse Influent SF+BF SF+CF SF+BF+CF

(US.EPA)

pH - 6.0-9.0 7.24+0.12 7.58+0.18 7.85+0.55 7.85+0.54
BOD me/L <10 1.38+0.57 0.59+0.14 0.39+0.08 0.26+0.05
TSS me/L <5 9.99+2.47 0.73+0.20 0.52+0.16 0.28+0.14
Turbidity NTU <2 8.08+2.81 0.72+0.11 0.55+0.14 0.41+0.12
TCB MPN/100 mL - 77,417+43964 2574+3252  1,296+1,643 4254613
FCB MPN/100 mL ND 25,917+3,965 495+770 349+493 142+169
E. coli MPN/100 mL ND 15,083+4,699 215+310 89+144 17+58
COoD me/L - 28.67+7.35 6.03+1.00 4.36+0.75 2.89+0.62
N mg-N/L - 2.98+0.77 1.02+0.34 0.70+0.26 0.42+0.25
TP me/L - 0.17+0.10 0.05+0.03 0.02+0.02 0.00+0.01

ND = No detectable, Influent = Secondary Treated Wastewater before Filtration, SF+BF = Sand Filtration with Biochar,

SF+CF = Sand Filtration with Activated Carbon, SF+BF+CF = Sand Filtration Combined with Biochar and Activated Carbon.

Values are presented as mean + standard deviation.

* Standard guidelines for Urban Reuse (Unrestricted), Agricultural Reuse (Food Crops), Impoundments (Unrestricted)

Table 3. Removal efficiency of each filtration system

Removal Efficiency (%)

Parameter
SF+BF SF+CF SF+BF+CF
BOD 51.57+19.78 68.60+11.52 78.91+8.34
TSS 92.37+2.95 94.52+2.22 97.09+1.74
Turbidity 89.94+4.05 92.19+3.91 94.11+3.28
TCB 95.27+7.09 97.68+3.31 99.33+0.74
FCB 98.20+2.74 98.71+1.77 99.47+0.61
E. coli 98.26+2.81 99.32+1.23 99.85+0.52
COoD 78.07+5.07 84.17+3.62 89.51+2.86
TN 66.06+9.06 76.36+6.01 85.88+9.30
TP 62.40+18.56 82.30+13.03 98.92+2.52

SF+BF = Efficiency of sand filtration with biochar, SF+CF = Efficiency of sand filtration with activated carbon,

SF+BF+CF = Efficiency of sand filtration composite biochar and activated carbon.

Values are presented as mean + standard deviation.
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nunalnnsRALEnayNIAMINYTLIN (Size Exclusion) uagmsinifusymanelutenisszvnadaiagnses
(Particle Retention) wonannil Uszﬁw%mwiumiﬁﬁmwmﬂmaLﬁuqqsﬁumumiazaué’wmawmﬂmﬂu%u
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dlewualngdmsunisiiindualsuselesidn (Han et al, 2024; Khan et al, 2023; Zango et al,, 2024)

[ a o S

28149l5AMY sEUUiveItalua un1IiIdndunsenalsadinsuvrTaudsian1suiundunn laUselvusa

q
v o

pe13898u 9138ANUTdulun SN TUULNL RS ABNTUA B UN T IND AN L ALYINS MNUUN N E9TU

Naresuan Agriculture Journal, 2026, 23(2), 273426



15T YATULSAIT 2569, 23(2), 273426 11 of 15

10 1 100 Jgm S owm m s EW ONE WW wW EW[ 10000
8 S R g 80 1 - 8,000
10 o o E o o o F 8000
° o ° 8 8 g 4 a 8 a -
= S
6 < 60 1 6,000 8
>
T 3 L Pd
a g A o
4 1 g 40 A A - 4,000 2
[+2]
X F O
° A 5| o -
2 4 20 1 A - 2,000
a L
(A) (F) 0l o ill: 9 Bl P
I T e S S | o LR AL L H ail CIl O 0
100 4 r 1.00 100 q gy . 1 - - o 1 n 1 1 - 3,000
| - o r
80 1° d = b s 80 1 [ 2500 _
o | _ | _ | -
3 | ° I ~ 8 - 2,000 &
o
S 607 9 . | A ooso < 60 1 A 3 S
3 < I Al q L = é F 1,500 E
§40-° il & H P r 040 Q g 40 A N r 2
© a| N B i o Al N r 1,000§
3 L
R d| |1 e =i =S ] h i
20 0.20 20 H N n H L 500
(B) r (G) H| W i -
o LA (VIR EUEAEUE S LR o LI U BN NN W UKl 0
100 7 e 1 120 100 Vum  w o BW s T mE NE BT KW OEE EE[ 1200
A A o el I | o L
80 1 . 80 1 =]
" P B e r 0.90 3 F 900 g
0 o A = © S
- L < i +
Z 60 . 4 > Y60 A g
é . " Al B e r 060 = g 60 &
g 407 il i i 3 e 5 40 1 Wl o L =
< n - H A I < S
° o H o b 030 8 F 300 w
20 1 o H ul n =15 20 1 M| B o Bl Ko i |
© il (H)
0 T T L L L T L 0.00 0 T 0
100 1 _ o o r 100 100 1 - 200
o y o L L
| o -
> 8 1K I q el 9 r 080 80 1 m o M N r 160
el n b 0 ol =) = 1 ~
Q 'E = a
2 60 1H H q A B r 060 £ g 60 1 N o d I r120 2
= 0| M e A S Al W - g 2 F £
> ] =
2 a0 1 = =N A T (= F 040 B g a0 A - 080 Z
=1
& H| A il = B iy | i A BB e e
X g H L g L
20 0.20 20 0.40
(D) I 0] I
0 T T T T T T T T T T T 0.00 0 T T T T T T T T T 0.00
100 4 ° r 8.00 100 4 r 0.10
a om I WL al q i 3
80 1 M Bl I M 80 1 9 i m & - 0.08
a d o F 6.00
S 4| I Wi L g' = i I =5
= 607 ) d (A X 2 g 60 7 F 006
5 n H A n F 400 = g o A Q r é
€ H o fia a Q 5 a
g 40 4 ] 1 H u N | 8 & a0 A | o r 004 ~
°
8 i il (200 s i i I
20 1 20 1 al A - 0.02
I h o = bl -
E J
( ) 0 T T T T T T T T T T T 0.00 ( ) 0 T T e 0.00
17 14 21 28 35 42 49 56 63 10 77 1 7 14 21 28 35 42 49 56 63 70 77
Day of operation (Days) Day of operation (Days)
Il SF+BF : Efficiency of sand filtration with biochar QO SF+BF : Water quality after filtration using sand with biochar
[ SF+CF : Efficiency of sand filtration with activated carbon /\ SF+CF : Water quality after filtration using sand with activated carbon

[l SF+BF+CF : Efficiency of sand filtration composite biochar and activated carbon [ SF+BF+CF : Water quality after filtration using sand, composite biochar,
and activated carbon

(A) pH, (B) Biochemical Oxygen Demand, (C) Total Suspended Solids, (D) Turbidity, (E) Chemical Oxygen Demand,
(F) Total Coliform Bacteria, (G) Fecal Coliform Bacteria, (H) Escherichia coli, (1) Total Nitrogen, and (J) Total Phosphorus

Figure 3. Removal efficiency percentage and water quality monitoring results throughout the

system operation period
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