


On techno-economic analysis of rapid filtration of groundwater with high iron content
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Abstract. As a result of optimization procedure at variation of composition and degree of initial contamination, a set of bed height values is determined at which the reduced costs for equipment and operation are minimized. The critical concentration and service life of the bed at increased contamination are established.
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Introduction
Physico-chemical iron removal from groundwater and wastewater on rapid filters is accompanied by the formation of deposit, which has an abnormal for such artificial formations the capability to consolidate. As a consequence, the strength of the deposit increases over time and inevitably the amount of the deposit gradually increases in a sequence of filter runs. With the progressive clogging of the pore space, the share of its non-washable component and, commensurately, the hydraulic resistance of the operating medium and mechanical energy expenditure to overcome it increases faster [1], [2]. Related nonlinear effects are especially clear at initial high iron conte.



[bookmark: _Hlk191329247]More than 50% of deep groundwater in Ukraine contains iron in amounts that are hazardous to human health. At the same time, its initial content varies significantly in the regions of the country – from  up to . Often in rural areas, where water from head horizons can be used exclusively for drinking needs, the situation with water supply of population and economy is critical due to especially high concentration of iron – over . In such cases, high rates of filter contamination lead to extremely undesirable consequences, namely, the reduction of filter runs duration and filter media service life, premature failure of equipment at existing iron removal facilities [3], [4]. Thus, the capital and operating costs increase, low-capacity facilities have to be reconstructed, and, as a result, the efficiency of water treatment decreases.
Materials and methods
[bookmark: _Hlk183176703]In practice, it is possible to significantly reduce the cost of water treatment by extending the mentioned period, using means of automatic control over the technological process. It is realistic to achieve this by improving the design of filters and iron removal technology implemented on them. It is possible to substantiate such improvements under specific conditions, only involving methods of mathematical modeling. On the basis of the conceptual and mathematical models [5], [6] a method for calculating spatial and temporal changes in physical and chemical conditions in the operating layer has been developed, which allows to reliably predict the behavior of the most important characteristics of filtration at arbitrary initial water contamination. Previously, this method was successfully used to study the effectiveness of various control algorithms of the filter for iron removal, to develop recommendations for the rational choice of the most important design parameter, but at moderate contamination of the treated water [7]. However, the greatest difficulties just arise in the treatment of water with increased concentration of iron. It is then the design without proper scientific substantiation can lead to emergency situations up to complete incapacity of new and reconstructed filters.
Results and discussion
















[bookmark: _Hlk188477308]Technological and design modeling of rapid filtration of natural and waste water with excessive iron content is advisable to be preceded by establishment of the critical values of initial parameters. The physical meaning of such critical values is that they correspond to a special, boundary mode of operation of the rapid filter. At implementation of such a mode the liquid phase (contaminated water) will be in the filter media for a rigorously defined time , during which the initial concentration  will decrease to the normative value at the outlet . The critical time  can actually be interpreted as a relation  where  is the filter media height [],  is the filtration rate []. Hence it follows that depending on specific conditions the reference value  at the design analysis is determined as a product  at a given filtration rate , and at technological analysis already  is calculated as a ratio at a given height . For strict definition of  in general case, i.e. at presence initially in contaminated water of two forms of iron, and in an operating layer of adsorbed oxide, deposited hydroxide, it is offered to solve the following equation by fitting



.                                 (1)













Here  is the clean bed porosity; is the initial volumetric concentrations of total iron;  is the oxidation rate coefficient of adsorbed oxide; , are the inlet concentration of adsorbed ferrous iron and concentration of deposited hydroxide particles ; , are the adsorption capacity of the filter medium in relation to ions  and adsorption capacity of the filter media relative to the particles indicated before;  is the reduced adsorption rate coefficient for ;  is the reduced rate coefficient of hydroxide particles; ,  are the inlet concentrations of dissolved ferrous iron and concentrations of suspended hydroxide particles.


If deep groundwater is not aerated beforehand and it is possible to avoid contact with atmospheric air when feeding groundwater to the filter , the calculation expressions and procedure are considerably simplified. Then the formula for  follows from Eq. (1)

.                                 (2)







[bookmark: _Hlk191325838]In view of the pronounced nonlinear effects, it is of interest to theoretically study the intensification of iron removal from water with concentrated contamination by its preliminary dilution with the purified water. In such cases it makes sense to pre-calculate the critical value  at fixed , . Then also Eq. (1) should be used. However, now we choose such a value of  (actually ), at which the above equation is met at the given . In the above-mentioned special case, the following expression for  is obtained after reversing Eq. (2)

.                        (3)

However, in order to maximize the performance of the designed iron removal filter, it is necessary to resort to an applied optimization procedure. Such a procedure can be performed only on the basis of a suitable analytical solution in one or several stages depending on the number of parameters to be optimized. Its essence is to establish by means of rationally conducted multivariate calculations such values of the sought parameters, at which the reduced costs for the arrangement and execution of the technological process would be minimal. The relevant formalisms and comments are contained in [7]. Based on them, a quantitative analysis of the operation of a typical filter for iron removal during the entire service life of one change of filtering material was carried out. At the same time, hundreds and thousands of filter runs could fit into the specified period depending on the conditions of filtration, and effective purification could last for several years. Although earlier the consequences of implementation of different filter control algorithms were studied in detail, here preference was given to the regular algorithm with a constant duration of filter runs (), as it does not require additional costs for automation of the technological process. At the same time from a large body of data obtained on the basis of techno-economic calculations those of them were selected and presented in the form of illustrations, which clearly demonstrate significant difficulties arising in the practice of iron removal of heavily contaminated groundwater. The initial information for modeling was obtained earlier by processing the results of the experimental research under laboratory and industrial conditions with the use of the exact analytical solution of the basic mathematical problem [8], [9].






First of all, we analyzed the effect of the degree of contamination of the water supplied to the filter  on the service life of the packed bed . It was assumed that initially there are equally present divalent and trivalent iron  in the water,  porous medium is clean ; fixed duration of filter runs (regular algorithm) discretely varied , that allowed all the information obtained here to present in the form of a series of curves of the dependence  (Fig. 1). 



Fig.1. Dependence .








[bookmark: _Hlk184832848][bookmark: _Hlk183528997]Their descending nature indicates the significant influence of the initial amount of impurity on the performance of the filtering material and filter facility.As the hypothetical increase in , the quantity  decreases all the way down to 0. The minimum value of  from the practical point of view corresponds to the critical value , which in general case is relatively simple to calculate by fitting from Eq. (1). In this case it is necessary to assume . In a special case , the value of  is elementary calculated by Eq. (2). It is natural that the calculated curves decrease more smoothly with increasing duration .













In fact, it is capital costs that are closely related to the quantity . A more complete pattern in economic terms can be obtained by multiple calculations of the reduced costs. Thus, it is possible to estimate the negative effect associated with  for the economics of water treatment in general. The corresponding calculation data are presented in Figs. 2 and 3. First of all, the sensitivity of the costs  was analyzed with respect to a key design parameter. Indeed, it is quite feasible to equip the filter with any reasonably bed height as opposed to the size of its elements. The importance of a careful approach to the choice of the quantity  exactly at the increased concentration  is precisely indicated by Fig. 2. Firstly, even a minimal underestimation of  (deviation from the optimum  in the direction of smaller values of ) can cause complete failure of the filter . Secondly, the indicated costs increase at an accelerated rate when the deviation of  from  is upward, and this behavior of the calculated curves is particularly clear just at large values of  (curve 3). In such situations it is especially important to choose  reasonably.



Fig.2. Dependence .

 

Fig.3. Dependence .











In the last series of calculations the value  is fixed according to Fig. 2. On the basis of their data, Fig. 3 shows the curves of the dependence  at discretely varying duration 
. Hence, a close relationship between  and  is evident as in the case of the first series of calculations. Special attention should be paid to the asymptotic behavior of the calculated curves at . The position of the vertical asymptote  is determined, as in Fig. 1, from equation (1) (at  according to Eq. (3)). However, the value of  is calculated preliminarily as the ratio of the given values of  and .
Conclusions
In general, the results of calculations of the main economic indicators of iron removal clearly confirm the need for a reliable theoretical substantiation of the technological and design parameters in the treatment of deep groundwater with high iron content on rapid filters.
Acknowledgments
This research was financially supported by the Horizon Europe funding (Project: 101081980 - SafeCREW - HORIZON-CL6-2022-ZEROPOLLUTION-01).
References
[1]	Salimi, A. H., Shamshiri, A., Jaberi, E., Bonakdari, H., Akhbari, A., Delatolla, R., Hassanvand, M. R., Agharazi, M., Huang, Y. F., Ahmed, A. N., & Elshafie, A. (2022). Total iron removal from aqueous solution by using modified clinoptilolite. Ain Shams Eng. J., 13, 101495. DOI: 10.1016/j.asej.2021.05.009
[2]	Kruisdijk, E., van Breukelen, B. M., & van Halem, D. (2024). Simulation of rapid sand filters to understand and design sequential iron and manganese removal using reactive transport modelling. Water Research, 267, 122517. DOI: 10.1016/j.watres.2024.122517
[3]	Lima, L. A., Silva, Y. F., & Lima, P. L. T. (2021). Iron removal efficiency in irrigation water by a zeolite added to sand media filters. Desalin. Water Treat., 220, 241–245. DOI: 10.5004/dwt.2021.27024
[4]	Corbera-Rubio, F., Laureni, M., Koudijs, N., Müller, S., van Alen, T., Schoonenberg, F., Lücker, S., Pabst, M., van Loosdrecht, M. C. M., & van Halem, D. (2023). Meta-omics profiling of full-scale groundwater rapid sand filters explains stratification of iron, ammonium and manganese removals. Water Research, 233, 119805. DOI: 10.1016/j.watres.2023.119805
[5]	Tugay, A. M., Oleynyk, A. Ya., & Tugay, Y.A. (2004). Productivity of water intake wells under conditions of clogging. NUUEKH Press.
[6]	Poliakov, V. L., & Martynov, S. Yu. (2021). Mathematical modeling of physicochemical iron removal from groundwater at rapid filters. Chemical Engineering Science, 231, 116318. DOI: 10.1016/j.ces.2020
[7]	Poliakov, V. L., & Martynov, S. Yu. (2023). Technological modeling of physicochemical removal of iron from deep groundwater. Heliyon, 9(9). DOI: 10.1016/j.heliyon.2023.e20202
[8]	Martynov, S. Yu., & Poliakov, V. L. (2022). Experimental studies of iron transformations kinetics and autocatalysis during its physicochemical removal from underground water. Water Supply, 22(3), 2883–2895.  DOI: 10.2166/ws.2021.428
[9]	Martynov, S. Yu., & Poliakov V. L. (2022). Experimental studies on the hydrodynamic properties of a deposit in rapid filters during physicochemical removal of iron from groundwater. Water Supply, 22(11), 7603–7617. DOI: 10.2166/ws.2022.305
image2.wmf
20

mgl


oleObject49.bin

image45.wmf
00

(0)

ah

SS

==


oleObject50.bin

image46.wmf
0

(8,12,24)

f

thours

=


oleObject51.bin

image47.wmf
0

()

f

TC


oleObject52.bin

image48.emf
t

f0

 = 8 h

t

f0

 = 12 h

t

f0

 = 24 h

T

f

, 

years

0

1

2

3

1 2 3 4 C

0

, mg/l 5 6


Microsoft_Visio_Drawing.vsdx

tf0 = 8 h
tf0 = 12 h
tf0 = 24 h
Tf, years
0
1
2
3
1
2
3
4
C0, mg/l
5
6



image49.wmf
0

()

f

TC


oleObject2.bin

oleObject53.bin

image50.wmf
0

C


oleObject54.bin

oleObject55.bin

oleObject56.bin

image51.wmf
cr

C


oleObject57.bin

image52.wmf
0

crf

tt

=


oleObject58.bin

image53.wmf
0

0

h

C

=


image3.wmf
3...5

mgl


oleObject59.bin

oleObject60.bin

image54.wmf
0

f

t


oleObject61.bin

oleObject62.bin

oleObject63.bin

image55.wmf
RC


oleObject64.bin

image56.wmf
L


oleObject65.bin

oleObject3.bin

oleObject66.bin

oleObject67.bin

image57.wmf
opt

L


oleObject68.bin

oleObject69.bin

image58.wmf
()

RC

®¥


oleObject70.bin

oleObject71.bin

oleObject72.bin

oleObject73.bin

image4.wmf
()

cr

t


oleObject74.bin

image59.emf
RC

0

0.5

1.0

1.5

1 1.5

2 2.5 L, m

C

0

 = 4 mg/l

C

0

 = 5 mg/l

C

0

 = 6 mg/l

C

0

 = 7 mg/l


Microsoft_Visio_Drawing1.vsdx

RC
0
0.5
1.0
1.5
1
1.5
2
2.5
L, m
C0 = 4 mg/l
C0 = 5 mg/l
C0 = 6 mg/l
C0 = 7 mg/l



image60.wmf
()

RCL


oleObject75.bin

image61.emf
RC

0

0.20

0.40

0.60

1 2

3

4 C

0

, mg/l

5 6

t

f0

 = 8 h

t

f0

 = 12 h

t

f0

 = 24 h


Microsoft_Visio_Drawing2.vsdx

RC
0
0.20
0.40
0.60
1
2
3
4
C0, mg/l
5
6
tf0 = 8 h
tf0 = 12 h
tf0 = 24 h



image62.wmf
0

()

RCC


oleObject76.bin

image63.wmf
1.5

Lm

=


oleObject4.bin

oleObject77.bin

image64.wmf
0

()

RCC


oleObject78.bin

image65.wmf
0

f

t


oleObject79.bin

oleObject80.bin

oleObject81.bin

image66.wmf
0

cr

CC

®


oleObject82.bin

image67.wmf
0

()

cr

CC

=


image5.wmf
0

C


oleObject83.bin

image68.wmf
0

0

h

C

=


oleObject84.bin

image69.wmf
cr

t


oleObject85.bin

oleObject86.bin

image70.wmf
V


oleObject87.bin

oleObject5.bin

image6.wmf
C

*


oleObject6.bin

image7.wmf
cr

t


oleObject7.bin

image8.wmf
(

)

cr

LV


oleObject8.bin

image9.wmf
L


oleObject9.bin

image10.wmf
m


oleObject10.bin

image11.wmf
V


oleObject11.bin

image12.wmf
ms


oleObject12.bin

image13.wmf
cr

L


oleObject13.bin

image14.wmf
cr

Vt


oleObject14.bin

oleObject15.bin

image15.wmf
cr

V


oleObject16.bin

image16.wmf
cr

Lt


oleObject17.bin

oleObject18.bin

oleObject19.bin

image17.wmf
0

00

()

0000

0

000

11

()()()

amaacr

kSSt

dada

a

mhamaahmhhamhmaa

nCKSnCKS

Ce

SkSSkSSkSSS

-

éùéù

-+-+

êúêú

---

ëûëû


oleObject20.bin

image18.wmf
0

0

()

00

0

0

()

hmhhcr

kSSt

da

h

amhmaa

nCKS

CeC

kSSS

-

*

éù

++=

êú

-

ëû


oleObject21.bin

image19.wmf
0

n


oleObject22.bin

image20.wmf
0

C


oleObject23.bin

image21.wmf
d

K


oleObject24.bin

image22.wmf
0

a

S


oleObject25.bin

image23.wmf
0

h

S


oleObject26.bin

image24.wmf
ma

S


oleObject27.bin

image25.wmf
mh

S


oleObject28.bin

image26.wmf
2

Fe

+


oleObject29.bin

image27.wmf
a

k


oleObject30.bin

image28.wmf
2

Fe

+


oleObject31.bin

image29.wmf
h

k


oleObject32.bin

image30.wmf
0

a

C


oleObject33.bin

image31.wmf
0

h

C


oleObject34.bin

image32.wmf
0

(0)

h

С

=


oleObject35.bin

image33.wmf
cr

t


oleObject36.bin

image34.wmf
00

00

0

00

00

1()

ln

()

()

amhmaada

cr

amhh

amhmaada

kSSSCnKSC

t

kSS

CkSSSnKS

*

-+

=

-

éù

-+

ëû


oleObject37.bin

image35.wmf
cr

С


image1.wmf
1

mgl


oleObject38.bin

image36.wmf
V


oleObject39.bin

oleObject40.bin

image37.wmf
0

C


oleObject41.bin

image38.wmf
cr

C


oleObject42.bin

image39.wmf
cr

tLV

=


oleObject43.bin

oleObject1.bin

oleObject44.bin

image40.wmf
0

0

0

()

000

00

()

()

()

amaacr

amhmaa

crcr

kSSt

daamhmaada

kSSS

СCt

nKSkSSSnKSe

-

-

==

éù

+--

ëû


oleObject45.bin

image41.wmf
0

f

t


oleObject46.bin

image42.wmf
0

()

C


oleObject47.bin

image43.wmf
f

T


oleObject48.bin

image44.wmf
000

(0.5)

ah

СCC

==


