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Hybrid Electrocoagulation—-Adsorption Treatment of
Ammunition Manufacturing Wastewater: Influence of
Process Parameters on COD, Heavy Metals And
Sulfate Removal
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ELECTROCOAGULATION (EC)

CLEANER WATER THROUGH ELECTROCHEMISTRY

In-situ generated coagulants ¢ Multi-contaminant removal ¢ Less chemicals ¢ Less sludge
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LOWER CHEMICAL CONSUMPTION

removal of multiple contaminants and less sludge
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TREATED WATER |
Lower concentration
of heavy metals !

Reduced COD
and organic compounds

Less suspended solids
Lower nutrients

Reduced sulfates

Improved water quality
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Hybrid Electrocoagulation-Adsorption (EC-Ads) W;“ZM& p

Synergistic treatment for complex industrial wastewatars i, il é/_-?d,)_

1. ADSORPTION 2. ELECTROCOAGULATION ' e o

Binding of contaminants In-situ generation of coagulants _
RAW WASTEWATER to the surface of adsorbents and destabilization of particles TREATED WATER
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0 Removal of residual dissolved contaminants after EC
Q Improved removal of refractory organic compounds

& Enhanced heavy metal and sulfate removal

Q Polishing of treated water to meet stricter discharge limits

Q Lower overall chemical consumption =
0 Complementary and synergistic removal mechanisms
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0 More stable and robust treatment performance
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FROM INDUSTRIAL

CHALLENGES
TO CLEANER ﬂ
TOMORROWS

AMMUNITION MANUFACTURING WASTEWATER

» A COMPLEX AND CHALLENGING WASTEWATER MATRIX

Initial physicochemical characteristics
of the investigated ammunition manufacturing wastewater

KEY CONSTITUENTS
AND CONCERNS

Heavy metals
(Pb, Cu, Zn, Fe, Mn, ...)

Parameter Measurement unit Value

Machining « 2 .

Metalworking fluids, - pH - 7.03 Toxi fetetit
' i : S oxic, persistent,
lubricants, T';f’ Electrical conductivity pS/cm 1478 bioa ccﬁmulative g
. . TDS ppm 795 v
reatm
urface trea Turbidity ENU 46 Sglfates '
Metals, sulfates, High concentrations,
cleaning agents CoD mg O/L 38 can cause salinity, odour
e S Sulfates mg/L 575 (H,S) and corrosion
Cleani ti :
: c.zamngt opera |'ons Al mg/L 0.38 Organic compounds
: : nfrgir; dss organic : Cu mg/L 0.16 (COD, oils, lubricants,
P Fe mg/L 0.01 cleaning agents)
N Mg mg/L 22.75 Often refractory
| Mn mg/L 0.1 Suspended solids
. W Pb mg/L 0.97 Contribute to turbidity
PP - _ “i Si mg/L 6.82 and treatment complexity
Different production processes Zn mg/L 0.67 Nutrients I

generate a complex wastewater™ & e ~ b

T TN NN Actual wastewater sample |
ghly B e (from this study) ’?

(N, P)
May promote biological

growth -

UNDERSTANDING

THE WASTEWATER

i IS THE FIRST STEP
treatment technologies TOWARDS A CLEANER
for efficient removal ENVIRONMENT
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WHY IT IS CHALLENGING?. -

Complex mixture
of inorganic and organic
contaminants

Highly variable
composition and
concentrations

Presence of toxic Requires advanced

and persistent pollutants



EXPERIMENTAL SET-UP

Hybrid electrocoagulation—-adsorption system for the treatment
of ammunition manufacturing wastewater

LABORATORY SET-UP (REAL PHOTO) SCHEMATIC DIAGRAM

Interchaﬁgeable e 3 e :
electrodes Cooling element DC power supply
(Fe, Al, C, Pb) (heat pipe, heat sink and fan) (0-30V,0-10A)

T : ' Adsorbents:
Magnetic stirrer Acrylic reactor GAC, Biochar 1 (BC1),
(200 rpm) (2.5 L working volume) Biochar 2 (BC2)

o EC reactor (transparent acrylic) INVESTIGATED ELECTRODE CONFIGURATIONS
e Adsorbent (GAC / Biochar)

. 9 Magnetic stirrer (200 rpm) Fe/Fe | Fe/C AI/{\I Al/C Pb/C
0 DC power supply (adjustable voltage/current) b “ . i

Electrortr:;:gut;?:g:i:f ;c;:?;;r;?:mltlon © Interchangeable plate electrodes (Fe, Al, C, Pb) f
& - ~ b e Cooling element (heat pipe, heat sink and fan) la &

EXPERIMENTAL PROGRAM ]
o ADSORBENT SCREENING e S nonC COREICE e EFFECT OF CURRENT INTENSITY | 0 HYBRID EC-ADSORPTION EXPERIMENTS

e GAC, Biochar 1 (BC1), Biochar 2 (BC2) . e Fe/Fe, Fe/C, Al/Al, Al/C (and Pb/C) e Selected electrode configuration ® Integrated process evaluation
e 200 mL wastewater, 10 g/L (2 g) o ® 2.5Lwastewater o Applied current: 3,6,9 A / ® Optimisation of operating conditions
Y Contact tlme 120 m|n ° Tr.eatm‘ent time: 30 min ) Evaluation: po"utant femoval' L S|mu|tane0u5 fen:loval Of heaVy metals,
e Mixing: 200 rpm : E?éﬁ?%dzio ;2": s energy consumption, sludge sulfate and organic matter
: rode ing: . o e
e Samples every 30 min o Settiing: 15pmin g productlon,_ pH va'natlon, l ‘ Towards an efﬂqept
3 electrode dissolution and sustainable treatment solution

Samples every 10 min



HYBRID EC-ADSORPTION PROCESS CONFIGURATIONS e stors il vn gf

Different treatment sequences — towards optimal performance

0 EC - ADS 9 ADS - EC 9 EC + ADS
Electrocoagulation followed by adsorption Adsorption followed by electrocoagulation Simultaneous electrocoagulation and adsorption

Pb/C electrode configuration
under optimal hybrid conditions

Adsorbent particles
= provide additional
4 SLflrégce Ifor da\dsorption Pb C
Or dissolve:
; G : i anode cathode
Electrocoagulation Adsorption Adsorption Electrocoagulation . contaminants ( ) ( )
(EC) (ADS) (ADS) (EC) EC '+ ADS){simuitancoys) C/] Evaluate the influence
Removal of suspended solids, ~ Polishing of treated water Pre-removal of organics Further removal of Synergistic interactions within a single reactor 0 of lead electrodes on
heavy metals and part of (removal of residual and part of heavy metals contaminants and - simultaneous removal of heavy metals, sulfate removal and -
organic compounds contaminants) destabilization of particles sulfate and organic compounds overall treatment efficiency ‘

Physicochemical parameters Chemical oxygen demand (COD) Heavy metals  Sulfates
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observation for a comprehensive

° | — . ® Thermal digestion
Temperature ' | I“D (NANOCOLOR VARIO) ! 60 UV-V tomet .
@ Quantification using ICP Expert | : g:ry chlorid lstsmmp:‘o om::‘; evalqatlon of treatment
HI 9829 multimeter | software i rium chloride turbidimetric me efficiency E
(Hanna Instruments) ; ; { @ Commercial reagent packets =
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COMPARISON OF OPTIMISATION OF VERIFICATION WITH Pb/C MULTI-PARAMETER ANALYSIS From comp[ex wastewater
TREATMENT SEQUENCES PROCESS PERFORMANCE ELECTRODES FOR A HOLISTIC ASSESSMENT # to valuable knowledge



RESULTS - Selection of the Adsorbent

Comparative adsorption performance of GAC, BC1 and BC2

COD REMOVAL Efficiency of COD removal by adsorption SULFATE REMOVAL Efficiency of sulfates removal by adsorption
70 58% ? 8.2%

R 60 ey 7.8%

g 50 45% )

5 o 5 2

S 40 37% 2 s 4.9%

= 30 5 4 -

£ —8— GAC £ o 8- GAC

% 20 —&— BC1 % 9 . -8 BC1

o 10 —&— BC2 )

= = 1 -8 BC2

0 ‘ . 0
0 20 40 60 80 100 120
t, min t, min
Investigated adsorbents Experimental conditions Main outcome
Granular activated Biochar 1 Biochar 2 200 mL
carbon (GAC)_ A wastewater GAC
' 4 10g/L adsorbent selected as the adsorbent
® 120min for subsequent hybrid
electrocoagulation—
O 200 rpm 2 i
adsorption experiments.

‘ Natural pH

% s T = S —— =~ ,.-' < 3 == From comPlex Wate'r ¢
Higher pollutant removal ‘ Effective under identical conditions ( A step towards cleaner industrial wastewater ._- .- to real solutions-



Effect of electrode material on COD and sulfate removal (I = 3 A) _—i R

@ COD REMOVAL (I1=3 A) @ SULFATE REMOVAL (I =3 A)

70 ~ 66% 35 1 32%
L 60 - £ 30 1 29%
- 51% -
> >
£ e 47% g A
O . 44% O 1
c 40 () 1= 20 18%
3 30 3 15 1 0
5 —e—Feffe 5 v
e 99 4 s 10 4 —e— Fe/Fe
3 —e—FaC || B e Fe/C
g g
= 10 —o— Al/Al = 5 - —e— AUAL
0 ‘ ‘ ‘ ‘ : —eo— Al/C 0 K ‘ ‘ . | : o— Al/C
0 5 10 15 20 25 30 0 5 10 15 20 25 30
t, min t, min

Q Electrode configurations Q Treated wastewater after 30 min (1 =3 A) '
Feffe  FelC  AVAL  AUC __AVAL ]
3 v““‘“‘* - | .';- !

B | ‘ Al/C
f ' | highest COD (=51%)
| and sulfate removal (x32%)

after 30 min.




RESULTS - Performance of the Hybrid Electrocoagulation-Adsorption Process

Effect of process configuration on COD and sulfate removal

COD REMOVAL SULFATE REMOVAL
50 - _o 47%
= 0 43%
S ] 0 = i 0,
= 40 39% s 40 39%
5 2% 5
5 304 2| 8
k3 o3 5
g 20 £ 20 - 17%
g —e— EK - ADS & ° °
g 10 —e— ADS - EK 8 10 g5t i
= —e— EK +ADS = —8— ADS - EK
0 0 —8— EK +ADS
T T | 1 T I | | T |
0 20 40 60 80 100 120 0 20 40 60 80 100 120
t, min t, min
||| Key findings R Towards real applications
Highest COD removal: Effective multi-barrier
EK + ADS (= 43%) treatment for complex
: industrial wastewater.
Highest sulfate removal:
EK - ADS (~ 47%) Further optimisation
P needed (adsorbent capacity,
rocess sequence

affects treatment efficiency. SiEe) A cde )

Basis for scale-up and

Hybrid process outperforms
e e practical application.

(30 min) (120 min) (120 min) (30 min) (30 min EC + 120 min ADS) 1IN
individual processes.

% ' G
090 ) Mo s
Electrocoagulation ~ Adsorption Adsorption  Electrocoagulation Simultaneous process @

CLEANER INDUSTRY SUSTAINABLE TOMORROW




| CONCLUSIONS e

Hybrid electrocoagulation-adsorption for cleaner industrial wastewater Hea

0 Effective approach e Improved COD and sulfate removal
Hybrid EC-ADS effectively ( :, I

Hybrid process enhances
treats ammunitcion removal of COD and sulfates

wastewater. compared to individual processes.
Best adsorbent Process sequence matters
GAC showed the highest CLEANER

treatment performance.

[ “WATER
e, TOMORROW &%

Highest COD: EC + ADS
(simultaneous).
Highest sulfate: EC - ADS

(sequential).

Optimal EC conditions

Al/C, 9 A, 30 min provided
the best performance
and stability.

Multi-barrier treatment

Combines EC and ADS for
simultaneous removal of organic
matter, sulfates and heavy metals.

High heavy metal removal M Future outlook
Both processes achieved PbJ Cu,] | Z"‘I Further optimisation under

very high removal efficiencies - | ions continuous flow (capacity, energy,
for dissolved metals. y Integrated 50[;‘t future. electrode consumption) before
= i e pilot-scale application.




This study was conducted within the framework of the institutional project of the University of Zagreb Faculty of Civil
Engineering - [ARMOR - Advanced Treatment of Ammunition Production Wastewater Using Integrated Electrochemical and
Adsorptive Technologies], under the programme line for enhancing scientific excellence, financed through the National
Recovery and Resilience Plan 2021-2026. The project is funded by the European Union — NextGenerationEU.

The views and opinions expressed are solely those of the author(s) and do not necessarily reflect those of the European Union
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