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Abstract:



Storm water harvesting and storage has been employed for nearly a hundred years, and using storm water to recharge aquifers is one of the most important ways to relieve water scarcity in arid and semi-arid regions. However, it cannot be widely adopted because of clogging problems. The risk of chemical clogging is mostly associated with iron oxyhydroxide precipitation; anhydrous ferric oxide (HFO) clogging remains a problem in many wellfields. This paper investigates Fe(III) clogging levels at three flow velocities (Darcy velocities, 0.46, 1.62 and 4.55 m/d). The results indicate that clogging increases with flow velocity, and is mostly affected by the first 0–3 cm of the column. The highest water velocity caused full clogging in 35 h, whereas the lowest took 53 h to reach an stable 60% reduction in hydraulic conductivity. For the high flow velocity, over 90% of the HFO was deposited in the 0–1 cm section. In contrast, the lowest flow velocity deposited only 75% in this section. Fe(III) deposition was used as an approximation for Fe(OH)3. High flow velocity may promote Fe(OH)3 flocculent precipitate, thus increasing Fe(III) deposition. The main mechanism for a porous matrix interception of Fe(III) colloidal particles was surface filtration. Thus, the effects of deposition, clogging phenomena, and physicochemical mechanisms, are more significant at higher velocities.
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1. Introduction


Water scarcity is a significant and growing problem in many arid regions across the globe. Storm water harvesting and storage has existed for nearly a hundred years, and is a promising approach to combatting water scarcity in arid and semi-arid regions, where natural groundwater replenishment is slow compared to groundwater exploitation. In these areas, water resource usage is near the limits of sustainability, and the requirement to recycle water and ensure appropriate reuse is becoming critical [1]. Aquifer recharge using storm water runoff has been used for more than a century in the United States [2]. A regional network of distributed storm water collection-managed aquifer recharge (MAR) projects could increase groundwater supplies while contributing to improved groundwater quality, flood mitigation, and stakeholder engagement [3].



Although using storm water aquifer recharge has many advantages, it cannot be widely implemented because of clogging problems [4], of which there are four principal types [5]:

	
chemical, including precipitation of elements (such as iron or aluminum), aquifer matrix dissolution, and temperature;



	
physical, including suspended solids, interstitial fines migration, unintentional fracturing of the aquifer, and formation damage that occurs during bore construction;



	
mechanical, including entrained air/gas binding;



	
biological, including algae growth, and the presence of iron or sulfate reducing bacteria.








Although clogging is associated with each of these factors, physical clogging is by far the most common, occurring in 70% of cases [6]. Mechanisms for a porous matrix to intercept suspended or colloidal particles include surface and cake filtration, straining or size exclusion, and physical, chemical, and biological processes [7].



The risk of iron clogging is mostly associated with its oxyhydroxide precipitation [8]. Iron clogging has been a recurring problem in the Atlantis wellfields since the 1990s, resulting in reduced borehole yields [9]. The presence of iron in the groundwater is of concern due to clogging of production boreholes [10,11], and although deeper groundwater is naturally reducing, organic carbon content may be contributing to the intensity of clogging [12]. Recovery boreholes close to injection boreholes may clog due to iron(hydr)oxides, which are produced by the mixing of water sources [13]. Li et al. used field bromide breakthrough data to infer a heterogeneous distribution of hydraulic conductivity through inverse transport modeling, and determined the solid phase Fe(III) content by postulating a negative correlation with hydraulic conductivity [14]. Heterogeneities can lead to a large localized accumulation of mineral precipitates and biomass, increasing the likelihood of pore clogging.



The effects of flow rates on clogging have been widely studied. The most important parameters for mechanical clogging are particle concentration in the moving water, seepage velocity, aspect ratio, particle properties, and pore channel geometry [15]. Mays et al. analyzed 43 experiments with a simplified version of the single-parameter O’Melia & Ai clogging model, and showed a consistent correlation with fluid velocity [16]. Physicochemical influences on deposition rate, and therefore sand texture clogging, is more significant at low flow rates [17]. Thompson et al. found biological clogging to be the dominant clogging process at lower injection rates [18]. Membrane filtration index (MFI) tests examine decreases in hydraulic conductivity due to physical clogging, but use high flow rates [19]. However, the vertical translocation of fine particles will cease after some time, and will reach a certain depth depending on the input concentration of solids the and flow rate, both of which affect the deposition rate [15]. There have been many studies of either iron, or flow rates in relation to clogging, but few studies examined both.



This paper presents experimental data for Fe(III) filtration at three flow rates through vertical laboratory columns filled with quartz sand. The experiment aims to: (1) quantify the reduction in permeability; (2) develop a better understanding of the dynamics of vertically translocated, seepage entrained Fe(III) when driven through fine quartz sand; and (3) explore Fe(III) clogging mechanisms.




2. Materials and Methods


2.1. Experimental Apparatus


Column infiltration studies using treated water have been widely used to study physical, biological and chemical clogging [1,20]. Figure 1 shows a schematic representation of the columns used in the experiment. The system comprised four parts connected with poly-fuoroalcoxy tubing, including water supply, seepage column, water pressure transducers, and water sample collector. The columns were made from clear Plexiglas (16 cm long and 2.0 cm internal diameter). Gauze meshes placed inside the end caps supported the aquifer material, and helped spread the input solution laterally throughout the columns. 5 g sand was placed inside the column and compacted to a height of 1 cm. Each column was packed with 80 g sand, giving a density of sand of around 1.6 g/cm3.


Figure 1. Experimental column set up.
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The columns were packed with pure fine quartz sand, median particle diameter ≈0.163 mm. Columns were packed with sand in 1 cm increments according to its natural density (1.6 g/cm3). Inlet flow rates were set to 0.3, 1.0 and 3 mL/min, which correspond to Darcy flow velocity (VD) 0.46, 1.62 and 4.55 m/d, respectively. The water pumped into the column was a solution of pure FeCl3·6H2O (>99%) and ultrapure water, with Fe(III) concentration = 3.0 mg/L, and pH 7, adjusted using a 25% ammonia solution (NH3·H2O).



A peristaltic pump (BT100-1F, Longer Precision Pump Co., Ltd., Baoding, China) was used to continuously feed the water through the columns from bottom to top.



Clogging development and resulting decrease in hydraulic conductivity was monitored using pressure transducers (model A-10, WIKA, Klingenberg, Germany) which were connected to a data logger. Transducers were placed along the columns at 5 cm intervals, with a space of 3 cm at the top and the bottom. The pressure transducers provided pressure heads at different points along the columns and at the inlet and outlet.




2.2. Column Hydraulic Properties


Clogging refers to pore occlusion in topsoil [21] due to various chemical, physical, and biological processes that jointly diminish the infiltration capacity of the basin by reducing topsoil’s hydraulic conductivity (K) over time [22]. For constant injection rate, clogging manifests as an increased hydraulic head in the infection bore. The time-dependent hydraulic conductivity in different locations of sand columns can be expressed as (Darcy’s law)


[image: ]



(1)




where [image: ] (m3/day) is the flow rate, [image: ] (m) is the column length between any two pressure transducers, [image: ] (m) is the difference in hydraulic head between the two points along the column, and [image: ] (m) is the inner diameter of the column. K was defined for different locations in the sand columns as K1 (0–3 cm from the column inlet), K2 (3–8 cm), K3 (8–13 cm), K4 (13–16 cm) and K (0–16 cm). The experiment terminated when Q decreased by 90% for any K location.



Sand porosity was calculated from the ratios of the volume of injected water compared to that of the column, and was found to be 0.4 for all experimental columns.




2.3. Analytical Measurements


Samples of input and output water were taken daily to record Fe(III) content changes. Parameters pH, temperature, and Eh were measured daily using a pH/ISE Meter (MP523-01, Shanghai San-Xin Instrumentation Inc., Shanghai, China). Fe(III) concentration in the input and output water was measured daily using an UV-VIS Spectrophotometer (T6, Beijing Purkinje General Instrument Co., Ltd., Beijing, China).



The pressure transducers were scanned every 30 s, and the average value recorded every 10 min. Fe(III) effluent samples were generally collected every 50 min, although this frequency was increased for some experiments where permeability reduced too rapidly.




2.4. Column Dismantling


At the experiment conclusion, sand in the columns was sampled at 1 cm intervals. The sand samples were immersed in concentrated hydrochloric acid and shaken vigorously to dissolve Fe(III) clogging material into the 12.27 mol/L acid, and the Fe(III) ion concentration derived.





3. Results and Discussion


3.1. Hydraulic Conductivity Changes


Hydraulic conductivity changes were calculated as the permeability ratio (Kt/K0), where Kt is the instantaneous hydraulic conductivity (m/d). Figure 2 shows the column permeability ratio decline for the three different inlet velocities.


Figure 2. Permeability in the porous medium for three flow velocities.
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Higher inlet velocity exhibits faster decrease of permeability. K reduced by 90% after 35 h for VD = 4.55 m/d, 90% after 75 h for VD = 1.62 m/d, and 61% after 52 h for VD = 0.46 m/d. For the latter (VD = 0.46 m/d), K stabilized after 52 h, and remained at ≈40% of its initial value. Decreased hydraulic conductivity means column clogging has occurred; higher inlet velocity produced faster and more significant clogging, with clogging tending to stabilize for the slowest flow rate.



Importantly, K over the whole column is only a function of time, whereas real K is a function of time and depth [15]. To compare hydraulic conductivity levels at different column locations, we considered the change of hydraulic conductivity between the column inlet (0–3 cm) and the remaining part of the column (3–16 cm), as shown in Figure 3.


Figure 3. Permeability at different locations for flow velocities (VD).
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Permeability decrease for the column inlet was similar to the whole column changes (compare Figure 2 and Figure 3), hence hydraulic conductivity changes mostly occurred in the inlet. The large hydraulic conductivity reduction in the inlet section (Figure 3) shows that this part of column had become clogged, which is consistent with the conclusions of Faber et al. (2016) and Tian et al. (2016) for suspended solid particle clogging in porous media [15,23]. Hydraulic conductivity in the inlet section decreased most rapidly for VD = 4.55 m/d (K reduced by 90% after 34 h). The reduction trends for VD = 1.62 and 0.46 m/d were similar for up to 50 h, with K reduced by ~80% from their initial value. Subsequently, VD = 1.62 m/d continued to decrease, reaching a 90% reduction after 57 h, whereas VD = 0.46 stabilized around at an 80% reduction.



In the remaining part of column (3–6 cm), the change of hydraulic conductivity was slower and limited to a much smaller range. The lower flow velocity (VD = 0.46m/d) shows very little change, whereas VD = 1.62 m/d decreased by ~16% over the first 3 h, then stabilized at an ~18% reduction. The highest flow velocity (VD = 4.55 m/d) was relatively unchanged to ~23 h, rapidly reduced by ~20% for ~15 h, and subsequently raised back to its initial value afterwards. The inlet section also shows a peak at 5–9 h, which suggests that the 3–16 cm section wave may be the result of clogging material from the inlet section moving into the 3–16 cm section, and then passing through to the outlet.




3.2. Mass Deposition


The mass retained in the column, M(t), was estimated from the difference between inlet and outlet concentrations,


[image: ]



(2)




where [image: ] is the time the measurements; N is the total number of measurements; [image: ] and [image: ] are the initial and measurements Fe(III) volume concentration. The result was as shown in Figure 4.


Figure 4. Total deposited mass in the column.
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Fe(III) deposition increased with time for all flow velocities in a more or less linear fashion, and flow velocity was strongly positively-correlated with deposition rate, as shown in Figure 5. The mass deposition rate, dM/dt, stabilized at 0.48, 0.15 and 0.05 mg/h for VD = 4.55, 1.62 and 0.46 m/d, respectively, although there was a slight downward trend for the VD = 4.55 m/d case, which decreased by 0.006 mg/h after 24 h.


Figure 5. Mass deposition rate (slope of the curves from Figure 4).
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Eliassen demonstrated that deposition rate becomes zero at saturation, i.e., no further suspended materials are deposited in the porous matrix [24]. However, this experiment showed that none of the flow rates reached saturation of deposition, because a constant concentration of Fe(III) was continuously pumped into columns under the experimental condition of constant flow rate.



In conducted experiments, the fact that the mass deposition rate did not drop to zero may be due to the volume concentration of Fe(III) measured at the outlet of the column. The deposition is not only a function of time, but also with spatial position of the column.



The mass deposit distribution was also obtained by dismantling the column at the conclusion of the experiment; it is expressed as mass ratio:


[image: ]



(3)




where MT is the total Fe(III) mass in the column at the end of the experiment, and MSi is the Fe(III) mass in section Si.



Thus, we took two measurements of total Fe(III) mass: MT, obtained by dismantling the column, and MC, calculated from inlet and outlet Fe(III) concentrations. Generally, the MT < MC, due to mass loss on the tube wall (in the current study the relative error, σ, was less than 5%). We also calculated MA, the total input Fe(III) over the whole experiment. Table 1 and Figure 6 show the various mass measurements.


Figure 6. Deposition distribution along the column.
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Table 1. Mass ratios in the column.





	Flow Velocity
	4.55 m/d
	1.62 m/d
	0.46 m/d





	MA(mg)
	19.54
	13.77
	7.67



	Mc (mg)
	18.86
	13.17
	7.07



	MT (mg)
	18.13
	12.98
	6.99



	σ
	0.04
	0.01
	0.01



	MT/MA
	0.93
	0.94
	0.91



	0–1 cm VM
	0.91
	0.95
	0.75



	1–16 cm VM
	0.09
	0.05
	0.25









Most Fe(III) was deposited within 0–1 cm, i.e., the inlet section. For VD = 4.55 and 1.62 m/d, over 90% Fe(III) deposition occurred in that section, whereas VD = 4.55 has 75% Fe(III) deposition within that section. For suspended particles, retention rates are higher at a low flow velocity because the hydrodynamic forces exerted by the flow are insufficient to overcome attractive forces, and subsequently transport the particles [25]. The current study shows Fe(III) retention for lower VD was less than for higher VD, which is the opposite of suspended particle retention; the main reason for this is that high velocity promotes Fe(III) flocculation.




3.3. Fe(III) Clogging Mechanism


The experiments were conducted with recharge water of pH 7 and Eh = 0.4 V. The Pourbaix diagram (Figure 7) [26] shows that Fe(III) is as precipitated as Fe(OH)3 under the experimental condition. Therefore, we used Fe(OH)3 to approximate Fe(III) in liquid. Furthermore, there was virtually no influence of atmospheric oxygen during the rest of the experiment process. Figure 8 shows that Fe(III) in the recharge water manifested as colloidal particles, with approximate diameter = 1 μm.


Figure 7. Pourbaix diagram for Fe(II), Fe(III), O2 and H2 calculated with Fe2+ concentration of 10 μM.
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Figure 8. Scanning electron micrographs of iron oxide particles in the recharge water.
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Figure 9 shows that most Fe(III) was intercepted between 0–0.5 cm from the column inlet, with >75% Fe(III) deposition within 0–1 cm. Since most Fe(III) was intercepted on the surface of the inlet port of the column, the main mechanism by which the porous matrix to intercepted Fe(III) colloidal particles was surface filtration. Fe(OH)3 particles may also also be deposited on previously retained particles present on the surface of the porous matrix.


Figure 9. Porous matrix iron oxide particles interception for different sections.
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Thus, the Fe(OH)3 particles trend to find and occupy all mechanical and physicochemical retention sites until the porous medium becomes clogged [17]. Therefore, the surface of the column’s hydraulic conductivity reduced rapidly, and underwent significant clogging in a short period of time. The porous matrix retention-capacity is limited by available sites for mechanical filtration; hence after a rapid reduction, hydraulic conductivity would enter a stable period and clogging would reach saturation.



Figure 10 shows scanning electron micrographs (SEM) photographs of the fine quartz sand at the column inlet and outlet after the experiment. Figure 10a shows the overall sand morphology. The sand is heavily coated with Fe(OH)3, shaped like (Figure 10c). Outlet sand (Figure 10b) has significantly less surface coating than inlet sand. The coated area for low VD (Figure 10d) was significantly smaller than high VD. Since Fe(III) in the recharge water was in the form of an Fe(OH)3 colloid, it underwent orthokinetic flocculation in the experiment, influenced by three dynamical factors: Brownian motion, flow shear, and differential settling. Flow shear causes orthokinetic flocculation, with colloidal particle size approximately 1μm. A dynamic equation described orthokinetic flocculation of discrete particles [27],


[image: ]



(4)




where, j are size grades of the flocculent; [image: ] and [image: ] are numerical concentrations of i, j, respectively; [image: ] and [image: ] are radii of i, j grade flocs respectively; and [image: ] is the velocity gradient in a laminar flow.


Figure 10. Scanning electron micrographs of the porous matrix from column inlet and outlet sections after the experiment: (a) inlet, VD = 1.62 m/d; (b) outlet, VD = 1.62 m/d; (c) close view of the indicated region in (a); and (d) inlet, VD = 0.46 m/d, the white material covered stand is iron oxide.
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The root mean square (RMS) of the velocity gradient [28],


[image: ]



(5)




where [image: ] is the dissipation level of flow due to viscous shear; μ is dynamic viscosity.



Since G is velocity gradient, the rate of change in the total concentration of particles with time due to orthokinetic flocculation would increase with the effect of different laboratory devices on particle size distribution over a wide range of shear (G = 4–102 s−1), and showed that mean particle diameter increased with G for low shear rates (G < 20 s−1) [28].



In the current study, high flow velocity created good conditions for Fe(III) colloidal particles to collide with each other, increasing the number and diameter of Fe(OH)3 particles. Therefore, physicochemical mechanisms, and particularly orthokinetic flocculation, significant influences flow velocity.





4. Conclusions


This paper presents experimental research investigating Fe(III) clogging processes for different flow velocities, and related effect on hydraulic conductivity. The study also highlighted the interaction of flow velocity effects on deposition and clogging dynamics. Some important conclusions are as follows:

	(1)

	
The form of Fe(III) in recharge water was Fe(OH)3 particles, which occupied the pore spaces of the inlet surface, leading to porous clogging. The main mechanism for the porous matrix intercept of Fe(OH)3 colloidal particles was surface filtration.




	(2)

	
Deposition rates and porous media clogging depend on flow velocity. Increased flow velocity caused increased deposition and reduced hydraulic conductivity, i.e., increased clogging.




	(3)

	
Physicochemical mechanisms, particularly orthokinetic flocculation, had severely affected by flow velocity. Higher velocities could promote Fe(OH)3 particle flocculent precipitation, increasing Fe(III) deposition mass, and hence decreasing hydraulic conductivity.
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