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Abstract. The problems in processing the acid ferrous-containing rinsing water and spent
pickling solutions are considered. The first-ever in metallurgy zero liquid discharge (ZLD)
industrial wastewater treatment systems of a transformer cold rolling plant at the Verkh-Isetsky
steelworks in Sverdlovsk (now — LLC VIZ Steel is a part of Novolipetsk Steel Group of
Companies) is described. The experience of the VIZ Steel, particularly in relation to industrial
wastewater treatment and sludge processing, is useful for designing ZLD industrial wastewater
treatment systems of metallurgical, machine-building and metalworking enterprises. The
recommendations for organizing the ZLD industrial wastewater treatment systems in the
pickling plants with the repeated use of the treated rinsing water and processing the spent
pickling solutions and the sludges are presented. For practical calculations of clarifiers the
empirical formulas are offered. Process flow diagram of acid ferrous-containing rinsing water
treatment is suggested. Acid ferrous-containing rinsing water treatment includes the following
processes: rinsing water neutralization to pH 9–10,5 by 5 % calcium hydroxide and partial
ferrous oxidation by air; addition of anionic flocculant and active gypsum priming to the
neutralized rinsing water; settling of rinsing water conditioned by reagents in clarifiers;
treatment of clarified water on deep bed sand filters; reclaimed water treatment.

Keywords: Zero liquid discharge (ZLD) systems; Acid ferrous-containing rinsing water
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1. Introduction
The creation trend of industrial plants zero liquid discharge (ZLD) systems is clearly traced
in majority of advanced countries of the world during the last 15–20 years [1–4]. The reasons, causing
beginning of widespread ZLD systems development, are, on the one hand — catastrophic natural
water bodies pollution with industrial, domestic and agricultural wastewater [5–8] and, on the other
hand — appearance of various technological equipment (multi-stage evaporating devices [9], reverse
osmosis installations [10–12] etc.), which application provides acceptable economic indicators of ZLD
systems. Nowadays an implementation of ZLD industrial wastewater systems is the only rational
solution of the industrial water reclamation and reuse issue.
Russia has experience of ZLD systems development and exploitation The first-ever in metallurgy
ZLD systems of a transformer cold rolling plant, which is still in exploitation has been
put into operation at the Verkh-Isetsky steelworks in Sverdlovsk (1973) (now — LLC VIZ Steel is a
part of Novolipetsk Steel Group of Companies) [13].
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
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In the early 1980s a small group of recycling experts started talking about the idea of «Total
Recycling». Zero waste concepts followed. By 1990, activists in the Philippines were already using
the term zero waste. One of the first formal zero waste policies was created in 1995 when Canberra,
Australia endorsed a goal of «No Waste by 2010». Since 1995, zero waste has been endorsed as a goal
by governments in New Zealand; Denmark; Seattle, Washington; Del Norte County, California; San
Francisco, California; Santa Cruz County, California; Edmonton, Alberta; Ottawa, Ontario; and Nova
Scotia. Furthermore, a number of national and international businesses have adopted some zero waste
principles [14].
2. Zero Liquid Discharge System of VIZ Steel (Novolipetsk Steel Group of Companies)
Verkh-Isetsky steelworks ZLD system was created during the solving process of industrial wastewater
treatment and reuse issue. Industrial wastewater of Verkh-Isetsky steelworks can be divided into nine
categories: four-high rolling mill wastewater containing palm oil or its substitutes; electric insulation
coating units and decarburization annealing units wastewater, which contain fine magnesium oxide;
wastewater from rolling mill carters washing; containing oils and suspensions; acid ferrous-containing
rinsing water from pickling plant; spent pickiling solutions from pickling plant; spent oil emulsions;
spent degreasing solutions; degreasing installation washing water; oil emulsion systems washing
water. During the ZLD system development the industrial wastewaters were integrated by types
of pollution in four groups:
• spent pickling solutions;
• rinsing water;
• wastewater containing oils;
• wastewater polluted by mainly mechanical impurities.
For each wastewater group the appropriate treatment facilities have been designed and constructed,
placed in several buildings. After treatment water is reused in production. Liquid and solids
wastewater sludges are exposed to mechanical dewatering, drying and utilization. Oil-containing
waste goes for burning, and salted bleed water — for evaporation with receiving desalinated water
and concentrate of salts.
The issue of rinsing water and spent pickling solution treatment and reuse is not solved at the most
metallurgical plants of Russia. Contrary to the known and approbated recommendations [15, 16]
rinsing water and spent pickling solution are mixed with each other and neutralized with calcium
hydroxide. Then, in best case, neutralized wastewater is settled with subsequent dumping of poor
quality clarified water into water body and sludge pumping to the storages. In worst case — pumping
to the storages without sludge removal. As the way of chemical metal-stripping procedure by pickling
in acids (usually in sulfuric and hydrochloric acid) remains the basic, consumption of acids increases
by these purposes every year. So the volumes of acid ferrous-containing rinsing water and its sludge
placed in storages are also increase. Because of this, the technical solutions realized during
development of the Verkh-Isetsky steelworks ZLD system are relevant at present time.
3. Results and Discussion
3.1. Rinsing Water Treatment
It’s important to pay attention to that low-concentrated rinsing waters (0.6–0.8 g/L of H2SO4, 1.8–
2.5 g/L of Fe2+) should be processed separately from concentrated spent pickling solutions (40–
150 g/L of H2SO4, 80–150 g/L of Fe2+) with receiving purified water which is reused and dewatering
sludge which is directed to the utilization.
The main stage of acid ferrous-containing rinsing water treatment is their neutralization.
With calcium hydroxide using significant solid phase quantity is formed. And it is necessary
to separate it in the clarifiers. At the same time the structure of the formed flocs is of great importance:
large and dense particles quickly settle and the sludge occupies smaller volume and in further easily
gives to mechanical dewatering.
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In most cases about measure of different factors influence on the flocs structure judge
by the particles settling velocity. In case with considered acid ferrous-containing rinsing water
the settling velocity depends on quantity and quality of ferrous hydroxide flocs as they settle much
more slowly than other impurity (figure 1).
Sludge formed during neutralized rinsing water settling undergoes changes in time. Flocs with very
small density are formed initially, then they are gradually crushing during 2–3 h. After 20–25 hours
flocs begin to be integrated, further the sizes of flakes change slightly, their dispersion decreases and
density increases.
Flocs sedimentation and further formed sludge mechanical dewatering processes
can be significantly intensified due to the part ferrous oxidation by air with receiving more dense
and heavy magnetite sludge Fe3O4.
Another way to increase efficiency of neutralized rinsing water clarification is its flocculation
treatment [17–19].
Due to the anionic polyacrylamide with low molecular weight adding to neutralized with calcium
hydroxide rinsing water it is possible to intensify ferrous hydroxide flocs sedimentation.
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Figure 1. Effect of ferrous ions concentration on settling velocity.
For practical calculations of clarifiers the empirical formulas are offered with (1) and without (2)
flocculant addition:
υs = (0.47 + 2.3CFe)-1
(1)
υs = (1.1 + 8.8CFe)-1
(2)
where υs = settling velocity, mm/s
CFe = ferrous ions (Fe2+) concentration in rinsing water, g/L.
Influence of dosed anionic flocculant quantity on the settling velocity is presented in the figure 2.
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Figure 2. Effect of flocculant dose and ferrous ions (Fe2+) concentration on settling velocity.
The curve a1–a2 demonstrates optimum quantities of the added anionic flocculant for rinsing water
with various ferrous ions (Fe2+) content.
Proceeding from data presented on the figures 1 and 2, it is possible to note that use of anionic
flocculant increases the flocs sedimentation speed by 2–4 times. At the same time sludge volume
practically doesn’t change.
Taking into account the received researches results and also forty-year successful exploitation
experience of Verkh-Isetsky steelworks ZLD system [14–16] it is recommended to organize acid
ferrous-containing rinsing water treatment at pickling plant as illustrated in figure 3. Acid ferrouscontaining rinsing water treatment includes the following processes:
• rinsing water neutralization to pH 9–10,5 by 5 % calcium hydroxide and partial ferrous
oxidation by air;
• addition of anionic flocculant and active gypsum priming to the neutralized rinsing water;
• settling of rinsing water conditioned by reagents in clarifiers;
• treatment of clarified water on deep bed sand filters.
After such treatment water will have pH=10,5–11, total hardness — 30–40 mEq/L and total
alkalinity — 10–16 mEq/L. For reuse of such treated water it is necessary to adjust its salt
composition. The water amount directed to further demineralization will be defined by ZLD system
water salt balance.
Ferrous-containing sludge from clarifiers after oxidation by air oxygen for receiving magnetite
sludge is dewatering by means of a plate-and-frame filter-presses, then dried and directed
to utilization.
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1 — equalization basin; 2 — mechanical mixer; 3- mechanical flocculator; 4 — clarifier; 5 — deep
bed sand filter; 6 — purified water tank; 7 — pumping station; 8 — magnetite sludge receiving
chamber; 9 — plate-and-chamber filter-press; 10 — cake dryer; I — rinsing water; II — calcium
hydroxide; III — recirculated sludge; IV — flocculant; V — clarified water; VI — filtered water;
VII — purified water directed to the demineralization; VIII — cake directed to utilization; IX – steam;
X — air; XI — sludge; XII — magnetite sludge; XIII — backwash water; XIV — filter-press filtrate.
Figure 3. Process flow diagram of acid ferrous-containing rinsing water treatment.
3.2. Spent Pickling Solutions Treatment
In case of hydrochloric acid pickling spent solutions treatment can give either ferric chloride
concentrate (liquid crystal) [20], which is known as recognized coagulant, or with its thermal method
processing — 20–25 % hydrochloric acid solution [21, 22], which is reused at pickling plants,
and as solid waste — fine iron oxide, which is easily utilized. Such technology is introduced on PJSC
Severstal [23] and JSC Magnitogorsk Iron and Steel Works [24].
In case of sulfuric acid spent pickling solutions processing is implemented with receiving Ferrous
sulfate (FeSO4 ⋅ 7H2O), which is utilized [25, 26].
4. Conclusion
It should be noted that industrial wastewater and sludge processing technologies during the ZLD
industrial wastewater systems creation are very various and depend on many factors: industrial
wastewater characteristics, industrial enterprises possibilities in use of purified water, possibilities
of concentrates (brines etc.) and sludges utilization at the industrial enterprises or in other
organizations.
5. References
[1] Mansour F, Alnouri S Y, Al-Hindi M, Azizi F and Linke P 2018 Screening and Cost
Assessment Strategies for End-of-Pipe Zero Liquid Discharge Systems J. Clean. Prod.
179 460–477.
[2] Popuri A K and Guttikonda P 2016 Zero Liquid Discharge (ZLD) Industrial Wastewater
Treatment System Int. J. ChemTech. Res. 9(11) 80–86.
[3] Rajamani S 2016 Novel Industrial Wastewater Treatment Integrated with Recovery of Water
and Salt Under a Zero Liquid Discharge Concept Rev. Environ. Health 31(1) 63–66.
[4] Sankar D, Balachandar M, Anbuvanan T, Rajagopal S, Thankarathi T and Deepa N 2017
Condenser Cooling System & Effluent Disposal System for Steam-Electric Power Plants:
Improved Techniques Membr. Water Treat. 8(4) 355–367.

5

SPCECI 2019
IOP Publishing
IOP Conf. Series: Materials Science and Engineering 972 (2020) 012037 doi:10.1088/1757-899X/972/1/012037

[5]

[6]

[7]

[8]
[9]
[10]
[11]

[12]

[13]

[14]

[15]
[16]
[17]
[18]

[19]
[20]
[21]
[22]

[23]
[24]

González-Fernández B, Rodríguez-Valdés E, Boente C, Menéndez-Casares E, Fernández-Braña
A and Gallego J R 2018 Long-Term Ongoing Impact of Arsenic Contamination on the
Environmental Compartments of a Former Mining-Metallurgy Area Sci. Total Environ. 610–
611 820–830.
Tiwari A K, De Maio M, Singh P K and Mahato M K 2015 Evaluation of Surface Water
Quality by Using GIS and a Heavy Metal Pollution Index (HPI) Model in a Coal Mining
Area, India, B. Environ. Contam. Tox. 95(3) 304–310.
Lezier V, Gusarova M and Kopytova A 2017 Water Supply of the Population as a Problem of
Energy Efficiency on the Example of the Tyumen Region of Russia IOP Conf. Ser.: Earth
Environ. Sci. 90(1) 012069 Available from: https://iopscience.iop.org/article/10.1088/17551315/90/1/012069/pdf.
Smith L et al. 2017 Mitigation of Diffuse Water Pollution from Agriculture in England and
China, and the Scope for Policy Transfer Land. Use Policy 61 208–219.
Thome J R 2017 A Review on Falling Film Evaporation J. Enhanced Heat Transf. 24(1–6)
483–498.
Hajbi F, Hammi H and M'Nif A 2010 Reuse of RO Desalination Plant Reject Brine J. Phase
Equilib. Diffus. 31(4) 341–7.
Le N L and Nunes S P 2016 Materials and Membrane Technologies for Water and Energy
Sustainability
Sustain.
Mater.
Technol.
7
1–28
Available
from:
https://www.sciencedirect.com/science/article/pii/S2214993715300105.
Razali M, Kim J F, Attfield M, Budd P M, Drioli E, Lee Y M and Szekely G 2015 Sustainable
Wastewater Treatment and Recycling in Membrane Manufacturing Green Chem. 17(12)
5196–205 Available from: https://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc01937k.
Zero Discharges into Water: NLMK Group Companies Introduce a Closed Loop Water System
[Internet]
[cited
2019
may
5]
Available
from:
https://lipetsk.nlmk.com/en/responsibility/ecology/key-cases/zero-discharges-into-waternlmk-group-companies-introduce-a-closed-loop-water-system/.
Platt B and Lakhani M 2004 Report from Institute for Local Self-Reliance for Global AntiIncinerator Alliance (GAIA) (Quezon City: Institute for Local Self-Reliance for Global AntiIncinerator Alliance (GAIA)) p 85 Available from: http://www.no-burn.org/wpcontent/uploads/Resources-up-in-Flames.pdf.
Aksenov V I, Arkhipova O A, Sidorova I A and Nichkova I I 2005 Organizational Problems of
Water Handing Facilities at Metallurgical Enterprises Stal (8) 96–8.
Aksenov V I, Arkhipova O A, Sidorova I A, Nichkova I I 2005 Creation of Closed Water
Supply Circuits for Metallurgical Enterprises Stal (9) 83–5.
Bratby J 2016 Coagulation and Flocculation in Water and Wastewater Treatment (London:
IWA Publishing) p 538.
Teh C Y, Budiman P M, Shak K P Y and Wu T Y 2016 Recent Advancement of Coagulation–
Flocculation and its Application in Wastewater Treatment Ind. Eng. Chem. Res. 55(16)
4363–4389.
Wei H, Gao B, Ren J, Li A and Yang H 2018. Coagulation/Flocculation in Dewatering of
Sludge: A Review Water res. 143 608–631.
Pietrelli L, Ferro S and Vocciante M 2018 Raw Materials Recovery from spent Hydrochloric
Acid-Based Galvanizing Wastewater Chem. Eng. J. 341 539–546.
McKinley C and Ghahreman A 2018 Hydrochloric Acid Regeneration in Hydrometallurgical
Processes: A Review Miner. Process. Extr. M. 127(3) 157–168.
Machado R M, Gameiro M L F, Rodrigues J M, Ismael M R C, Reis M T A and Carvalho J M
2017 Recovery of Hydrochloric Acid from Galvanizing Industrial Effluents Sep. Sci.
Technol. 52(8) 1333–1340.
Severstal [Internet] [cited 2019 may 5] Available from: https://www.severstal.com/eng/about/
Magnitogorsk Iron and Steel Works [Internet] [cited 2019 may 5] Available from:

6

SPCECI 2019
IOP Publishing
IOP Conf. Series: Materials Science and Engineering 972 (2020) 012037 doi:10.1088/1757-899X/972/1/012037

http://eng.mmk.ru/about/about_the_company/.
[25] Bartholomew F J 1952 Sulfuric Acid Recovery from Waste Liquors Ind. Eng. Chem. Res. 44(3),
541–545.
[26] Kumar G S, Basu D, Hung Y-T and Wang L K 2010 Waste Treatment in the Iron and Steel
Manufacturing Industry Handbook of Advanced Industrial and Hazardous Wastes Treatment
ed L K Wang, Y-T Hung and N K Shammas (Boca Raton: CRC Press) chapter 2 pp 37–70.

7

