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Abstract

Water scarcity will become one of the biggest global challenges in Received: 11 Apri | 2022
the coming years and all available unconventional water resources must Accepted: 16 April 2023
be used to produce water. Zero liquid discharge as an emerging system to Page Number: 7-26

minimize effluent (especially brines) and maximize water recovery from
wastewater has been used by researchers and industries in recent years.
Thermal evaporation is known as a common method for zero liquid
discharge. However, the use of conventional and novel membrane
processes of reverse osmosis, membrane distillation, forward osmosis,
and electrodialysis in combination with thermal systems and crystallizers
have been recently considered to reduce the volume of wastewater and
influent flow rate of the thermal systems. In this article, after a brief
introduction of thermal and membrane zero liquid discharge systems,
the conducted research to improve the economics of these systems using
thermal-membrane hybrid processes is reviewed. By comparing
the performance of each of them, the potential and limitations of these

Iranian Chemical Engineering Journal — Vol. 22 - No. 130 (2024): 7-26

Zero Liquid Discharge (ZLD): A Review on Novel ...

systems have been explained. Although the use of zero liquid discharge Keywords:

systems increases the initial investment, operating costs, and water cost, Water Recovery,

due to the lack of water resources in water stress areas and also Unconventional Waters,
the harmful environmental effects caused by wastewater discharge, it can Thermal Processes,

be expected to be widely exploited in the near future. It is a necessary Membrane Processes,
igll;ﬂﬁges.for the sustainable management of unconventional water Process Economy
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2. Brine Concentrator

3. Crystallizer

4. Brine

5. Reverse Osmosis (RO)

6. Membrane Distillation (MD)
7. Forward Osmosis (FO)

8. Electrodialysis (ED)
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1. Zero-Liquid Discharge (ZLD)
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Figure 1. ZLD process cycle.
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1. Blowdown
2. Flue Gas Desulfurization (FGD)
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Figure 2. Thermal ZLD flow diagram for water recycling from industrial effluents[13].

1. Pre-Treatment 2. Evaporation Ponds
5. Mechanical Vapor Compression (MVC) 6. Slurry

3. De-Aeration 4. Anti Scalant
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1. Latent Heat

2. Superheated Water

3. Capital cost

4. Multiple Effect Distillation (MED)
5. Multi Stage Flash Distillation (MSF)
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Figure 3. Flow diagram of hybrid thermal-reverse osmosis ZLD system[13].

Oloee Jlo lgicay .l ooty a3 I )5y Cly &bl S
Sl bz 53 Tle 4 JIES s olSg 5 S hign &
Ivyls 5 o )lal oo plowl caelus jo xS yio VY- -

o>l eSS egSasienl 4 (63959 Ol b2 (6,98 9>
el el (V0= « o e mg/L b) aly gl sausS Ladss 4y (699,9 (5,50
oy ol s 055 o 1,8 Aol saS a5l J3 Yoore
g aal,lS g Sro ol 3lailan alileny a5 suyus slas gl
le s gleaills Glados (o wpe Slaal il golal
IVE-v8logs o Cgmme oo

2l ol g (mgSas el 4 (53955 O (5598 Cudgase
(FO) s jousl (MD) slié yulais ale plac sloosl 3
s sladlls (o olocn Sl Hleea (ED) 5lbog xSUl
..\_u"...l w}i&n).o_wl c‘)_A.Qd_s L el 00)5 p.:el)s ‘) ).w (':iLA
(F) Ui jo aS aseS lan oS Ll g |y (699,9 Sluy
alygd 5loysl 4 0959 5 J3 ugSa ol &ly58 oad ool las

Ll i polie U oo pel slaan! s dlewgas « uoes dmog> b

aS 59l Slal del> sboasleny odsi o Wlgi oo dtial iy
)lge (Fp 5o a0 (RIBN) (Slibee duga Soleyd sl ool
b S larean Wl oo (UP) (gl 2312yl 51 aslic
(i 50 39 a8 )5 (LS A dhai e (gl 48 oty yg e
i) Lo ol dhai sl esSas jomsl ol yana ZLD dilobs
S e L ol 630 65 g, e b sl ls S
oiolesT ool jo o eolawl YAY e Mo/l U ol oo >
el Slys 5ty oygml 2Ldl gl U Al iy 45 05 ool
Sl )3 05290 (0 5 rE 5l 90 O L‘-’)j—’“ 5 ool @l
osSae ol piion 2llS Grge aziiys 59,5 Bi ) (6999

Ivylas
Aol o slacl 5l sloySes o sl as Sla s )sls 51 (S
SN gy Siee o8 s YL S L osSae ol (5 5l8 s
30 0g>g0 sla by S 5 5l eolitul b g ol g8 T jo Lae
3 P9y oml e O YL il 4 Wl oo aghal Sy )l
boanlaie )3 5 oud osliiwl io mle &3 Slabo oz

4. Coal-to-Liquids

1. Ultrafiltration (UF)
2. Scaling
3. High Efficiency Reverse Osmosis (HERO)
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Figure 4. Membrane-based ZLD flow diagram[13].
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Table 1. Advantages and limitations of different technologies used in ZLD systems|[1].

Advantages

MVC High salinity limit >200,000 mg/L
RO Energy-efficient
MD High salinity limit >200,000 mg/L
FO High salinity limit >200,000 mg/L;
Requires low-grade heat; Less fouling
ED/EDR Salinity limit >100,000 mg/L; Less

fouling

limitations
High capital and operational costs 20-25
Limited salinity; Scaling 1.5-2.5
Low flux and rec0\./er¥; Limited area of 9967
application
Low flux at high salinity; Reverse 2
solute flux; Limited use
High energy consumption 7-15
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Table 2. Applications of ED/EDR incorporated ZLD systems[13].

L Energy Recovery
Application (KWh/m?)

Process

(%)
ED RO brine 7-8 97-98
Basal aquifer 8.1/RO,
EDR-RO water 14.5/EDR 1785
ED-EDR Coal mine g/ 144 80
brine
Coal mine
ED-EDR _ 7.8-14.4 85
brine
EDR-RO Brackish 12.4 80-90
water
ED Seawater 6.6-8.7 -
desalination
EDR-RO Brackish 5.6 88
water
MD-EDR  omulated 0.9-2.4 92
brine
RO/EOMED  DYEINd 24.6 97
wastewater
EDR (.:hemlcal : 89
industry
ED Domestic _ 100
wastewater

1. Knudsen

2. Colder Permeate

3. Direct Contact Membrane Distillation (DCMD)
4. Condensation surface
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Figure S. Schematic diagram of MD-based ZLD system[29].
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1. Membrane Distillation Crystallization (MDCr)
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Figure 6. Schematic of Membrane Distillation Crystallization (MCr) system|[30].
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Figure 7. Schematic of the FO process[40].
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Figure 8. Flow diagram of FO-based ZLD system[42].
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Figure 9. Schematic of a ZLD purification system via EDR-RO- hybrid crystallizer[42].

1. Ectrodialysis Reversal (EDR) 2. Seawater Reverse Osmosis (SWRO) 3. Specific Energy Consumption (SEC)
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Figure 10. Comparison of specific energy consumption of different processes used in ZLD systems in relation to water salinity[42].
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Figure 11. Comparison of the investment costs among different processes used in ZLS systems[42].

1. Membrane Crystallization (MCr)
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Figure 11. ZLD Pilot plant based on Forward osmosis
process[51].
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