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Abstract: Continuous gravity-fed column experiments using the methylene blue (MB) discoloration
method were performed to characterize the suitability of a pozzolan (PZ) specimen as alternative
admixing aggregate for metallic iron filters (Fe-filters). Investigated systems were: (i) pure sand,
(ii) pure PZ, (iii) pure FeY, (iv) Fe®/sand, (v) Fe® /PZ, and (vi) Fe? /sand /PZ. The volumetric proportion
of Fe was 25%. The volumetric proportions of the Fe'/sand /PZ system was 25/45/30. The initial
MB concentration was 2.0 mg-L ™1, 6.0 g of Fe’ was used, and the experiments lasted for 46 days.
The individual systems were fed with 3.9 to 8.4 L (7.80 to 16.69 mg of MB) and were characterized by
the time-dependent changes of: (i) the pH value, (ii) the iron breakthrough, (iii) the MB breakthrough,
and (iv) the hydraulic conductivity. Results showed that the Fe?/sand/PZ system was the most
efficient. This ternary system was also the most permeable and therefore the most sustainable.
The suitability of MB as a powerful operative indicator for the characterization of processes in
the Fe?/H,0 system was confirmed. The tested PZ is recommended as an alternative material for
efficient but sustainable Fe' filters.

Keywords: aqueous corrosion; packed-bed filters; pozzolan; water treatment; zero-valent iron

1. Introduction

Large-scale use of granular metallic iron (Fe®) for environmental remediation and water treatment
started in 1994 with the publication of experimental works on the degradation of halogenated
aliphatics [1-4]. In 2002, the US EPA designated the Fe-permeable reactive barrier as a standard
remediation technology. In the meantime, Fe! filtration is regarded as an established technology for
water treatment [5-8]. However, despite 25 years of intensive research, Fe? filtration is still in its infancy
as controversial reports are available on mechanistic and design aspects of the technology [9-12].
Ulsamer [13] recently summarized the state-of-the-art designing approaches, culminating at the point
that it is uncertain whether sand admixture is a blessing or a curse for Fe? filters. A science-based
progress has been recently presented [14-16] demonstrating that sand admixture is even a prerequisite
for sustainable (long-term efficient) Fe filters [17-21].

Properly designing an Fe%-based filter implies the careful consideration of a balance between at least
five interdependent key factors to satisfactorily eliminate the contamination of concern: (i) an appropriately
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reactive Fe’ material, (ii) appropriate inert or reactive admixing agents (e.g., gravel, MnO,, pumice, sand),
(iii) appropriate granular mixtures (e.g., Fe?/sand, Fe® /pumice, Fe’ /sand /pumice) and corresponding
mixing ratios (e.g., 25% Fe’—vol/vol), (iv) an appropriate filter thickness, and (v) an appropriate water
flow velocity. The efficiency of a filter depends mainly on the balance of Fe” intrinsic reactivity and filter
permeability. For a filter to be efficient in the long term (longevity), all design factors should be carefully
considered [13,22-25].

Sand and gravel are two highly conductive natural aggregates that are conventionally used
to modify the hydraulic conductivity (permeability) of geotechnical systems. To achieve this aim,
these aggregates are commonly sorted and /or mixed. Admixtures with less conductive aggregates like
pumice or pozzolan have also been reported. Sand and gravel were accordingly first used in Fe? filters
to enhance the permeability of PRBs, which should be approximately one order of magnitude higher
than the surrounding soils [26]. Besides fixing the permeability of Fe? filters, sand was believed to save
Fe? costs while enabling the satisfaction of width requirements [27-29]. However, the discussion has
not properly considered the volumetric expansive nature of iron corrosion [30]. The volume of each
iron oxide (V) is larger than that of the parent Fe' (Viron). The expansion coefficient 11 = Vox/ Viron
takes values varying from 2.1 to 6.4, the lower values corresponding to anoxic conditions [31,32].
The consideration of i values alone shows that a pure Fe? filter (100% Fe®) will clog long before Fe® is
depleted (Fe® wastage). Calculations have shown that the most sustainable dual Fe®/aggregate system
should contain 25% Fe® [20]. To date, the most tested /used aggregate is sand [26,33,34].

At some locations around the world, sand is scarce and volcanic rocks (pozzolan, pumice) are
abundant. Therefore, it is important to characterize the behavior of these materials as alternatives to sand
for the construction of Fe? filters. Ideally, such characterization tests are performed under field relevant
conditions (e.g., no acceleration) and for the long term (e.g., months) [25,35]. Recently, the methylene blue
(MB) discoloration method was introduced and used to characterize several aspects of the operation of
Fe’ /H,0 systems [20,21,36-39]. The MB discoloration method exploits the low adsorptive affinity of MB
to iron corrosion products (FeCPs) to characterize the reactivity of FeV in a filter [17,21,40,41]. In fact, the in
situ generation of FeCPs which coats the admixing aggregates lowers the absorptive affinity of the whole
system for MB. This shortens the experimental duration and makes MB a reactive indicator [18].

The present work is aimed at characterizing the Fe’ /pozzolan (PZ) system as a possible alternative
to the conventional Fe’/sand system while using the methylene blue (MB) discoloration method. The six
following systems are investigated: (i) pure sand, (i) pure PZ, (iii) pure Fe’, (iv) Fe /sand, (v) Fe’/PZ,
and (vi) Fe’/sand/PZ. The systems are mainly characterized by the extent of iron breakthrough,
MB breakthrough and changes in the pH values. The results are comparatively discussed.

2. Materials and Methods
2.1. Solutions

2.1.1. Methylene Blue

Methylene blue (MB) is widely used as a model contaminant to characterize the suitability of various
systems for water treatment [42]. The MB (from KEM LIGHT Laboratories PVT. LTD., Mumbai, India) used
herein was of analytical grade, and was selected for its differential affinity to sand and iron oxides [36,41].
The working solution has a molar concentration of 5.35 uM (2.0 mg-L~!) and was weekly prepared by
properly diluting a 1000-fold concentrated stock solution (2000 mg-L~1) using the tap water of the city
of Douala. The pH value of the initial solution was 7.0. The used initial concentration (2.0 mg-L~!) was
selected to approach the concentration range of natural waters (MB as model micro-pollutant) [36].

2.1.2. Iron

A standard iron solution (990 pg-mL’l) from Aldrich Chemical Company, Inc. (Milwaukee, WI, USA),
was used to calibrate the spectrophotometer used for analysis. All other used chemicals were of analytical
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grade. In preparation for spectrophotometric analysis, ascorbic acid was used to reduce Fe!'! in solution

to Fell. 1,10-Phenanthroline from ACROS Organics (Geel, Belgium) was used as reagent for Fe!l
complexation prior to spectrophotometric determination. Other chemicals used in this study included
L(+)-ascorbic acid, L-ascorbic acid sodium salt, and sodium acetate.

2.2. Solid Materials

Three granular materials were used in this study. Table 1 summarizes some of their characteristics.

Table 1. Size, source, and nature of the three tested materials. The main selection criterion was

local availability.
Materials Size Source Nature
Sand 315 pm-630 pm Collected (SWR *) Adsorbent
Pozzolan 315 um-630 um Collected (SWR *) Porous adsorbent
Fe¥ <630 um Donated (AC **) Adsorbent’s generator

* South West Region/Cameroon; ** Aciéries du Cameroun.

2.2.1. Metallic Iron (Fe?)

The used Fe? material was donated by a Cameroonian company that deals with metallic iron, Aciéries
du Cameroun (Douala, Cameroon). The material is available as fillings with a particle size < 630 pum.
The elemental composition of the material as analyzed by X-ray fluorescence was: Mn: 0.62%; Si: 0.52%;
Cu: 0.23%; Cr: 0.2%; Ni: 0.1%. The material was used without any pretreatment. Fe® was proven
a powerful discoloration agent for MB with the particularity that discoloration agents are progressively
generated in situ [43].

2.2.2. Sand

The used sand was a natural material from the Mungo River (Cameroon). Mungo sand was sieved
and particles ranging between 315 and 630 um were retained, rinsed with water, and then warmed in
boiling water for about 3 h. The sand was further dried at 200 °C in an oven for 2.0 h and then allowed
to cool at room temperature. This sand was not only used to build up the first (H;) and third (Hs)
layers of the investigated systems but was also mixed with Fe? to build the reactive zone (Hy,) of some
of the investigated systems (Table 2). Sand was used because of its worldwide availability and its use
as an admixing agent in Fe?/H,0 systems [33,44].

Table 2. Overview of the experimental setup of the column experiments. H, is the reactive zone,
while H; and Hj, respectively, represent the bottom and the top sand layers of the systems. This table
particularly shows the composition of the reactive zone (RZ) of individual systems. Columns 1, 2, and 3
(pure materials) were reference systems. The operational conditions for the Fe® /sand/PM (PM = pumice)
system of Btatkeu-K et al. [21] are also given.

Column Fe® (g) Fe’ wt%) Sand(g) Sand (vol %) PZ (g) PZ (vol %)  Hy;(cm) H;p(cm) H3(cm)
1 6.0 100 0.0 0.0 0.0 0.0 2.2 3.8 3.4
2 0.0 0.0 8.0 100 0.0 0.0 24 3.8 3.2
3 0.0 0.0 0.0 0.0 8.0 100 2.8 3.8 2.8
4 6.0 25 6.0 75 0.0 0.0 3.2 3.8 22
5 6.0 25 0.0 0.0 6.0 75 35 3.8 22
6 6.0 25 3.6 45 24 30 3.7 3.8 2.1
Btatkeu-K et al. [21]
Column
Fel (g) Fe (wt%) Sand(g) Sand (vol %) PM (g PM(vol%) Hg(cm) Hy(em) H; (cm)
Fel/sand 65.0 50.4 63.9 49.6 0.0 0.0 9.8 8.0 14.7
Fel /PM 65.0 73.0 0.0 0.0 241 27.0 11.0 8.0 13.5

Fe¥/sand/PM  65.0 60.0 31.6 29.2 11.7 10.8 11.0 8.0 135
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2.2.3. Pozzolan

Used PZ (red) was a natural material from Limbe (South West Region, Cameroon). Limbe PZ
was sieved and particles ranging between 315 and 630 um were retained and pretreated in the same
manner as sand (Section 2.2.2). A PZ sample was finely ground, homogenized, and average bulk
composition determined using a Bruker’s X-ray Diffraction D8-Discover (Billerica, MA, USA) instrument.
The X-ray powder Diffraction (XRD) analysis revealed that the material was essentially made up
of: SiO,: 81.2%; Al,O3: 10.0%; KyO: 3.6%; Fe;O3: 2.2%; CaO: 0.6%; TiO,: 0.5%; BaO: 0.1%; MnO:
0.05%; ZrOy: 0.02%; SrO: 0.02%; RbyO: 0.01%; ZnO: 0.01%. PZ was used to build up the reactive
zone of Fe’ /PZ and Fe’/sand /PZ systems. PZ was tested as an admixing agent because of its high
porosity (up to 60%) which could serve as a reservoir for the in-situ-generated Fe corrosion products
(FeCPs) [37]. PZ exhibits adsorptive properties as well [45,46].

2.3. Experimental Procedure

Column studies were carried out in a PET (poly-(ethylene terephthalate)) column with an inner
diameter of 3.0 cm and a length of 11.5 cm. The columns were packed from the bottom to the top as
follows: (i) a 3.8-cm sand layer (Hy); (ii) a reactive zone (Hy,, variable) made up of either Fe?/sand
(column 4), Fe? /PZ (column 5), or Fe® /sand /PZ (column 6) mixture; and (iii) an Hj variable third
sand layer. The used mass of Fe® was 6.0 g. The volume occupied by 6.0 g Fe” served as a unit for
building the reactive zone (H;,). The corresponding masses of sand and/or PZ are documented in
Table 2. The first 1 cm at the top of the column was left free for the resting solution (Figure 1) and
the total depth of material in the individual system was 9.2 £ 0.4 cm.

Reservoir for influent solution

¥ H; (variable)

H_, (variable)

b | HI

Filtrate

Figure 1. Schematic diagram of experimental setup. Due to the volumetric expansive nature of aqueous
iron (Fe’) corrosion, progressive permeability loss during use is expected.

A continuous gravity-driven filtration was performed through individual columns for 46 days.
This experimental duration was not predetermined. The experiments were stopped mainly because
the pure Fe’ system was almost completely clogged. Filtration was initiated by percolating the working
MB solution (2.0 mg-L~!) from a 500 mL bottle through each column. The MB solution was completed
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daily to 500 mL. This approach mimics the situation where users will just have to refill the water tanks
after a certain interval of time (here, one day) [47]. Previous investigations using gravity-fed systems
filtered a constant volume daily [20,21]. This approach mimicked intermittent filtrations using household
filters for daily water need in low-income communities. In the present approach, changes in flow velocity
were observed through variations of the effluent volume. Effluents were collected daily and analyzed
for MB and iron concentrations. The pH was also determined. The initial pH value of the MB working
solution was 6.9 & 0.2. Experiments were carried out at room temperature (28 £ 2 °C).

2.4. Analytical Methods

MB and aqueous iron concentrations were determined by a Spectroquant® pharo 300 UV-Vis
spectrophotometer from Sigma-Aldrich Inc. (St. Louis, MO, USA). The working wavelength for MB
was 664 nm. Dissolved iron was determined at 510 nm. Cuvettes with 1.0 cm light path were used.
The iron determination followed the 1,10-Phenanthroline method [48]. The spectrophotometer was
calibrated for MB concentrations <2.5 mg-L~! and iron concentrations <10.0 mg-L~!. The pH value
was measured by combined glass electrodes (WTW Co., Weilheim, Germany).

2.5. Presentation of Experimental Results: E Values

In order to characterize the magnitude of tested systems for MB discoloration, the discoloration
efficiency (E) was calculated using Equation (1). After the determination of the residual MB
concentration (C), the corresponding percent MB discoloration was calculated as:

E(%) = [1 — (C/Cp)] x 100 1)

where Cjy is the initial aqueous MB concentration (2.0 mg-L~!), while C gives the MB concentration at
any date (t > 0).

In order to better characterize the effect of the tested materials on MB discoloration at the end of
the experiment, two expressions of the specific discoloration efficiency (Es and Es') were calculated
using Equations (2) and (3).

Es = mgjscol /min X 100% 2)

Es! = my, /mgopig X 100% (3)

where mg;sqo1 is the MB mass discoloured within the column, my, the total MB mass that has flowed
through the column, and mg);4 the mass of solid material present in the reactive zone. For the pure
PZ and sand systems (0% Fe?), mgjig corresponds to the total mass of material used. For Fe%-based
systems, mg,)iq corresponds to mpe. This simplification is rationalized by the assumption that sand and
PZ in the reactive zone are covered by in-situ-generated iron corrosion products (FeCPs) while MB is
quantitatively adsorbed onto Hs. It is also operationally assumed that H; (Table 2) does not significantly
impact MB discoloration if significant flow disturbances happen in the reactive zone (H;,) (assumption 1).
The extent of MB discoloration (m; in mg) in the top sand layer (H3) of individual columns was calculated
from Hj using the rule of proportion. In this effort, the pure sand system (0% Fe®) was used as reference
(9.4 cm of sand for 8.64 mg MB) (Equation (4)).

m;(mg) = (H3/9.4) x 8.64 (4)
Following assumption 1, the mass of MB discolored in Hy, is my,.

mrz(mg) = Mjscol — My 5)
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3. Results and Discussion

3.1. Iron Release and pH Value

Figure 2 depicts the time-dependent changes of the dissolved iron concentration and the pH values
in the effluents of the six investigated systems. Figure 2a summarizes the changes of the dissolved iron
concentration in the effluents from the reference systems (0% Fe”) and the four Fe’-containing systems.
It is seen that despite the fact that the systems contained the same mass of Fe? (6 g), different extents of
iron release were obtained. The results could be summarized as follows: (i) no iron was released from
the reference systems (sand and PZ), (ii) the lowest iron release (<3.4 mg- L~1) was observed from
the PZ-containing systems (Fe®/PZ and Fe’/sand /PZ), while (iii) the highest iron release (>3.4 mg-L~1)
was achieved in the PZ-free systems (100% Fe” and Fe’/sand).

Figure 2b summarizes the results of the changes of the pH value in the six investigated systems.
No significant changes in pH value could be observed. In fact, no clear trend in the pH evolution in all
the systems was noticeable. All the systems depicted comparatively low pH values, close to the initial
value (6.5). This could be attributed to acidification due to dissolution of SiO, [49]. The analytical results
have demonstrated that used PZ is made up of 81.2% SiO,. Sand was not analyzed but can be assumed
to be pure SiO;. The subsequent slight pH increase is attributed to iron corrosion. The most important
feature from Figure 2b is that the pH value in all the investigated systems was larger than 6.0. It has been
demonstrated elsewhere (Noubactep [50], and refs. cited therein) that in this pH range the solubility
of iron is minimal. In fact, in Fe’-based systems, the pH value significantly impacts the extent of Fe?
dissolution. The migration of resulted Fel and Fe!! species within and out of the system also largely
depends on the pH value. The fact that no significant changes in pH values were observed herein suggests
that the observed difference with regard to the Fe concentration in the different systems (Figure 2a) can
be attributed to meta-stable processes. In fact, the systems were relatively far from any equilibrium.
In other words, the observed difference should be rationalized by two main arguments: (i) the adsorptive
affinity of Fell and Fell species to the available materials and (ii) the system flow velocity (residence time).
The retained increasing order of the extent of Fe release (Xmp, values in Table 3) in the Fel-based systems
was: Fe¥/sand < Fe? /PZ < 100% Fe® < Fe®/sand /PZ. This classification is clearly related to the exact
amount of Fe release by individual systems.
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Figure 2. Time-dependent changes in effluent (a) iron concentration and (b) pH value for the 6 investigated
systems. Experimental conditions: 6 g Fe'; [MB] = 2.0 mg-Lfl. Filling materials: metallic iron (FeY),
sand and pozzolan (PZ). Column length 11.5 cm; column diameter 3.0 cm. The lines are not fitting
functions, they simply connect points to facilitate visualization.

Given that all the invested systems had the same fine sand at the bottom layer (H; = 3.8 cm),
the observed difference can be attributed to processes occurring within the reactive zone (H;).
Relevant processes include: (i) Fe? dissolution to Fe?* and its oxidation to Fe3*; (ii) the precipitation of
Fe?* /Fe3* in the intergranular pore space; (iii) the adsorption of Fe?* /Fe3* onto solid surfaces such as
Fe oxides, sand, and/or PZ; and (iv) the transport of Fe?* /Fe3* across the binary (FeO /sand or Fe¥/ PZ)
or ternary (Fe’/sand/PZ) intermediate layer. Apart from the reference systems (including the 100%
Fe¥ system), it can be seen from the cumulative residual Fe mass (Zmg,) in Table 3 that the released
amount of Fe varied from 24.46 mg for the ternary Fe/sand/PZ system to 14.81 mg for the binary
Fe®/sand system.

Table 3. Summary of the column experiments results. Vr is the total volume of MB solution which
flowed through individual columns. ~mp, and Xmy,p are, respectively, the effluent Fe and MB cumulative
masses. mj and my, are calculated after Equations (4) and (5). Es is the MB discoloration efficiency
(Equation (2)) and Es' the specific efficiency related to discoloration by Hy, and Hj. Results clearly show
that PZ considerably enhances the sustainability of conventional Fe? filters.

Column Xj m;;, (mg) z;'ﬁgl)\’l 1?1(1111;)01 z(;“g")"— m; (mg) my, (mg)  Eg (mg-g™)) E! (mg-g~!)
1 3.90 7.80 2.36 5.44 16.11 3.13 2.31 697.44 0.39
2 4.99 9.98 1.35 6.63 0.00 2.94 3.69 664.33 0.62
3 5.94 11.88 2.13 9.75 0.00 2.57 7.18 820.71 1.20
4 4.80 9.60 1.29 8.31 14.81 2.02 6.29 865.63 1.05
5 5.12 10.25 1.63 8.62 14.86 2.02 6.60 840.98 1.10
6 8.35 16.69 2.22 14.47 24.46 1.93 12.54 866.99 2.09

It is noticed that there was no significant difference between the amount of Fe released from
the Fe’/PZ system (column 5) and the Fe’/sand system (column 4). The tiny difference (0.05 mg)
renders also the argument with the residence time difficult. In fact, the time-dependent changes of the Fe
concentration is very similar for both systems (Figure 2a). Therefore, given the similitude in particle size,
it can be considered that the PZ porosity has limited impact on the system’s behavior for the considered
thickness of the reactive zone (RZ): 3.2 cm for Fe®/sand and 3.5 cm for Fe? /PZ (Table 2). Table 2 also
recalls that the thickest RZ was the one with the ternary mixture (3.7 cm). Despite this tiny difference
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in the extent of Fe release and considering the low amount of materials used, the fact that more Fe was
released (absolute value) in the Fe® /PZ system seems to negate the consideration that the pores of PZ
have stored some iron corrosion products (FeCPs). However, whether they are interconnected or not,
these pores exist and have certainly stored a part of FeCPs. Therefore, other arguments should be sought
to rationalize these observations.

Compared to the Fe’/sand system, less FeCPs precipitated in the vicinity of the Fe’ surface
in the Fe®/PZ system. Accordingly, the generation of contaminant collectors was sustained [17-21].
However, the present work was performed with a smaller size Fe” material than the previous [17,18,21].
It is likely that this material was more reactive and the kinetics of its oxidative dissolution was such that
despite storage of FeCPs in the PZ porous system, there is a larger excess dissolved Fe transported through
H;, and Hj layers and detected in the effluent. Clearly, the combination of three factors satisfactorily
explains the excess Fe release in the Fe’/PZ system relative to the Fe’/sand system. Because the PZ
porosity cannot be negated, the size of the particles, the thickness of the columns, and the intrinsic
reactivity of used Fe® rationalized the observations. This argument also rationalizes the behavior of
the ternary systems (Fe” /sand /PZ). In fact, when a fraction of PZ is substituted by sand, the permeability
is increased (next section) and the transport of dissolved Fe facilitated. More Fe is released than in both
binary systems (Fe®/PZ and Fe’/sand) (Figure 2a).

Iron species from Fe? oxidative dissolution in the reactive zone (H,,, Figure 1) can only be released
from the system if they succeed to migrate through the lower sand layer (H;, Figure 1). The low solubility
of iron for the investigated pH range (pH > 6.0) herein suggests that an in situ coating of this H;-sand
layer will occur through adsorption or adsorptive precipitation [17,51]. In the meantime, the removal of
Fe by size exclusion or its adsorption onto aged Fe oxides within the H,, layer or even its precipitation
also occurs. In other words, the released Fe is the excess that has not interacted within the H,, and
H; layers.

The observation made for the two binary systems contrasts with the results of Btatkeu-k et al. [21]
who reported more Fe released from the Fe’/sand system while investigating the suitability of another
porous additive (pumice). This can be rationalized by at least two main reasons: (i) the differences in
the used Fe’ type and size (intrinsic reactivity), and (ii) the differences in the operational conditions.
While the investigations herein were done with a continuous filtration, Btatkeu-K al. [21] used
an intermittent filtration. Moreover, the relative volumetric ratios of used materials are not identical in both
studies (Table 2). Another minor argument is the evidence that pumice (PM) and PZ do not absolutely have
the same physicochemical properties despite their highly porous nature. Another plausible explanation
might be that the pores of PZ are more interconnected than those of PM (remark 1) such that coupled
with continuous filtration, lesser residence time is offered in the PZ-containing systems. A lesser residence
time means less time for Fe precipitation or high Fe breakthrough.

3.2. Hydraulic Conductivity

Figure 3 summarizes the results of the evolution of the effluent volume (V in mL) as a function of
time for the six investigated systems. Herein, V values reflect the hydraulic conductivity. A monotone
decrease of the V value is observed with the progress of the filtration (Figure 3a) in all systems.
The decrease of V values in Fel-free systems is attributed to the progressive clogging due to
accumulation of MB in the initial pore systems. Figure 3a also shows that while the initial V values
for the Fe' /sand, Fe¥/PZ, and the 0% FeY reference systems were very close, the initial V value for
the reference system (100% Fe”) was the lowest and that of the ternary Fe/sand/PZ the highest.
This behavior is primarily attributed to the initially available pore space in individual systems [52].
It should be kept in mind that PZ is a porous material. This explains why despite the similarity between
the initial V values for the 0% Fe® (pure sand and pure PZ) reference systems, a close look at Figure 3a
shows that the pure PZ system was a bit more permeable than the pure sand system. It is therefore
intuitively considered that using the porous PZ to build the H;, zone offers more open available pore
spaces. This is true although the interconnectivity of pores is not explicitly addressed herein.
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Figure 3. Time-dependent changes in effluent (a) volume and (b) cumulative volume for the 6
investigated systems. Experimental conditions: 6 g Fe?; [MB] = 2.0 mg-L~!. Filling materials: metallic
iron (Fe?), sand and pozzolan (PZ). Column length 11.5 cm; column diameter 3.0 cm. The lines are not
fitting functions, they simply connect points to facilitate visualization.

The results presented in Figure 3b clearly demonstrate that the ternary Fe /sand /PZ system was
the most permeable for the whole duration of the experiment. PZ thus enables the in situ control of
expansive Fe’ corrosion products which is the main cause of permeability loss. The above discussed close
similarity between the permeability evolution of the Fe?/PZ and Fe’/sand is also confirmed. In fact,
the cumulative effluent volumes at the end of the experiment (V1 in L—Table 3) are 5.12 L of the working
solution filtered through the Fe’ /PZ system and 4.80 L for the Fe’/sand system. The main information
from the V7 values is that the PZ-containing systems were the most permeable. 5.94 L could be filtered
through the pure PZ system and up to 8.35 L through the ternary Fe®/sand/PZ. The decreasing order of
sustained hydraulic conductivity was: Fe? /sand/PZ > pure PZ > Fe® /PZ > pure sand > Fe’ /sand > 100%
Fe.

This shows that the least permeable system was the pure Fe’ system (V = 3.90 L). This behavior is
rationalized by the volumetric expansive nature of all Fe’ particles in the Hy, zone (Figure 1) which has
rapidly filled the initial interparticular porosity of the system [24,32]. The observed highest decrease in
permeability for the 100% Fe” system is consistent with the observation of Hussam [53,54] that pure Fe’
systems are efficient but not sustainable. This observation was the starting point for the manufacture
of a proprietary porous iron composite in which the initial porosity leaves room for expansive iron
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corrosion products [52]. The replacement of a fraction of Fe’ by a nonexpansive material (e.g., gravel,
sand, pumice) [14,55,56] was therefore found as an alternative approach.

The fact that a higher permeability is observed for the Fe® /PZ system relative to the Fe? /sand system
is not sufficient to state whether the available pores are really interconnected. In fact, the observation
that the ternary Fe’ /sand /PZ system is more conductive than the pure PZ system makes any attempt to
conclude that there is a high degree of interconnectivity of available pores hardly acceptable. In other
words, there are not enough available data herein to intensively discuss this aspect. It can be assumed
that PZ pores have a certain percentage of interconnection. This explains why it was intuitively expected
herein that the PZ-containing systems would exhibit greater permeability. In fact, testing another porous
additive material (pumice), Bilardi et al. [18] have earlier reported an increased permeability of the Fe? /PM
system relative to the Fe /sand system, seemingly indicating that the enhancement of the sustainability
of conventional Fe filters can only be achieved via the utilization of porous additives in the reactive zone.

3.3. MB Discoloration

Figure 4 summarizes the results of MB discoloration (E values) in the six investigated systems. It is
clearly seen that the 100% Fe” system was the least efficient at MB discoloration. It should be recalled that
the 100% Fe” system was the least permeable system. This implies that the lowest MB volumes were daily
filtered through this system. Accordingly, the observed rapid decrease of E values is attributed to (i) rapid
generation of FeCPs filling the pore space and (ii) limited MB inflow due to system clogging. Hence, it is
considered that the used Fe” material was a very reactive one. However, high reactivity is coupled with
rapid efficiency loss due to rapid decrease of the hydraulic conductivity (efficient but not sustainable).
In such a system, the small size of Fe? implies small pore size and hence rapid clogging [24,32].
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Figure 4. Time-dependent changes of methylene blue (MB) discoloration by the investigated systems.
Experimental conditions: 6 g Fe?; [MB] = 2.0 mg«L_l. Filling materials: metallic iron (FeY), sand and
pozzolan (PZ). Column length 11.5 cm; column diameter 3.0 cm. The lines are not fitting functions,

they simply connect points to facilitate visualization.

The next less efficient system at MB discoloration is the pure PZ system. The low efficiency is
rationalized by the fact that the system exhibited higher hydraulic conductivity compared to other
systems apart from the Fe’/sand/PZ system. In other words, the residence time was too short
for quantitative MB discoloration. In fact, being close to sand in its mineralogical composition, PZ
should be a good adsorbent for MB [20,36]. All the others systems exhibited greater but similar
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trends in their discoloration efficiency. However, a meticulous observation shows, precisely towards
the end of the experiment (t > 23 days), that the Fe’ /PZ system had a poorer efficiency compared
to the Fe¥/sand system while the ternary system was remarkably the most efficient throughout
the experimental duration. This observation is not totally confirmed by the mg;s.o values (Table 3)
which represent the discolored MB masses within individual systems throughout the experimental
duration. For instance, it is seen that while 8.62 mg of MB were discolored in the Fe®/PZ system,
8.31 mg were instead discolored in the Fe’/sand system and up to 14.47 mg were achieved in
the Fe®/sand/PZ system. This confirms the discussion in Section 3.1 while suggesting that PZ
is a better MB discoloring agent than sand. This suggestion is supported by the data in Table 3
showing that 9.75 mg of MB were discolored in the pure PZ system and only 6.63 mg in the pure sand
system. The fact that more MB was discolored in the Fe®/sand/PZ system reflects an increased MB
co-precipitation within the RZ by virtue of the accumulation of FeCPs in porous PZ.

Comparing the efficiency of the systems at MB discoloration on the basis of their various discoloration
efficiency at the end of the experiment (Es values) could be regarded as more realistic (than the mgjgo
values). The E; values from Table 3 show that with 697.44 mg-g~! the 100% Fe” system was the least efficient.
The pure sand system (664.33 mg-g~!) exhibited a poorer efficiency compared to the pure PZ system
(820.71 mg-g~1), the Fe’/sand system (865.63 mg-g~!) was more efficient than the Fe’/PZ system
(840.98 mg-g~1), and the Fe' /sand /PZ system with 866.99 mg-g~! was the most efficient. This confirms
observations already pointed out about the Fe” /sand/PZ system regarding its efficiency at MB discoloration.
Another important feature is that the higher available surface area is not available for the same experimental
duration and the same hydraulic conductivity (different residence times). A discussion correlating the relative
permeability and the effective surface of the systems is out of the scope of the present study. It is sufficient
to acknowledge that the results herein confirm the fact that designing an efficient filter is concealing at
least two antagonistic views: increased efficiency (higher surface area with PZ) and increased residence
time (lower porosity but better drainage with sand) for the same hydraulic pressure (gravity) [18,19].
Another key factor to be considered is that iron corrosion is volumetrically expansive in nature. For the same
additive (e.g., sand), one should find the balance between increased efficiency (more FeV'—less sand) and
increased permeability (less Fe’—more sand). Btatkeu-K et al. [20] have experimentally demonstrated,
using gravity-driven systems, that the optimal Fe” volumetric ratio for a sustainable Fe’-based filter is
25%. Because the reasoning is based on the occupation of the initial porosity of the system, this result is
universally valid, irrespective of the nature of the aggregates (Fe® and additives) [24].

The last important feature from Figure 4 is the comparison of the FeY/sand and the Fe’/sand /PZ
systems. As already pointed out, Fe®/sand is the worst at discoloring MB. Figure 3 has shown that this
system is also less permeable than the Fe /sand /PZ system. In the Fe’/sand /PZ system, the porosity
of PZ (larger adsorptive surface available) has favored a greater extent of precipitation of iron oxides
within the H;, layer. In other words, despite relative short residence time, increased adsorptive
interactions with MB was possible in the ternary system. This has resulted in less Fe?* /Fe?* /MB
competitions for adsorption onto Hj-sand and less coating H;-sand with Fe oxides.

3.4. Discussion

The major output of this study is that the question of whether sand can be replaced by PZ can
be affirmatively answered. However, the design effort is to optimize and to account for higher flow
velocity and the degree of interconnectivity of PZ pores.

3.4.1. Significance of Results for the Design of Fe Filtration Systems

The treatment efficiency of a Fe’ bed is controlled by its initial porosity which is strongly
influenced by material sorting, grain size and shape, and the used Fe’ volumetric ratio in
the material mixture [8,20,21,24,57-59]. Differences in grain size and grain morphology for Fe? and
the additive material result in various degrees of compaction and thus various initial porosities [60,61].
Accordingly, the variation of effluent volume (V value) was used in this study to characterize
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the evolution of the permeability (hydraulic conductivity). It is expected that future efforts to design
Fe household filters for the developing world will follow the protocol presented herein. The major
advantage of this design is that water is continuously filtered and the filtered volume is known
by the user. As soon as the filtered volume is lower than the daily use, the user should contact
the provider. This direct feedback seems better that any electrical sensor. It should be explicitly stated
that an efficient filter is sought, whether it is portable or not. Recent results from Heimann [62] using
the MB method have confirmed previous observations that identical columns in series performed better
than individual columns [25,63-65]. MB breakthrough was observed after 1 week from individual
columns (duplicates) but there was no breakthrough after three weeks when two columns were
operating in series. The results are rationalized by the O, scavenging function of the first column.
The preferential flow created in the reactive zone and making H3-sand useless for MB discoloration
is eliminated in the tubing to column 2. It can be speculated that an efficient and sustainable Fe’
household filter would comprise a slow sand filter and at least two Fe columns. Maintenance could
consist of periodically changing the first Fe? column (e.g., every two months). The path to efficient and
sustainable Fe! filters goes exclusively through long-term experiments [25,66]. Ideally, experiments
should run for at least six months, whether there is contaminant breakthrough or not. It is clear that
upon complete clogging no experiment could be continued. It is therefore recommended to test only
Fe® volumetric ratios lower than 40%. For comparability of published results, it would be better if
the Fe ratio is given in volumetric proportions. Alternatively, the densities and masses of all used
aggregates should be specified.

3.4.2. The Service Life of Fe? Filters

Recent investigations have shown that the true problem of Fe filters is the time-dependent loss of
permeability [66-68]. According to Makota et al. [67], ‘reactivity loss’ is a mirage as it is just the natural
decrease of the corrosion rate which is never a linear function of time [35]. In other words, if a proper
material is selected, the major remaining task is to control the hydraulic conductivity (permeability).

Once an Fe' filter starts its operation (t > tg), permeability loss starts as result of aqueous iron
corrosion. The amount of in-situ-generated iron oxides (pore-filling cement) increases with increasing
service life [32,69]. These iron oxides may also contribute to particle compaction (chemical compaction)
and thus to pore occlusion. In the case of quantitative pore occlusion, the porosity of the system is
reduced but the permeability is lost because of lack of interconnectivity. This process has been described
in the entrance zone of Fe? beds working under toxic conditions [70]. In other words, both cementation
and chemical compaction control the porosity of Fe’ beds but compaction has the largest negative
impact on permeability [59]. From this argument, it is clear the system exclusively made up of Fe’
(pure Fe’ bed or 100% Fe®) will experience a more rapid permeability loss (Figure 3). This explains why
the first-generation Fe? filters with 100% Fe? were mistakenly designed [53,54,71].

Figure 4 reveals that the most sustainable system (minimal permeability loss) is a ternary
Fe’/sand /PZ system. Figure 4 and the discussion in Section 3.3 also show that pure PZ systems are more
sustainable and efficient at MB discoloration than pure sand systems. Meanwhile it has been intensively
demonstrated that pure sand filters (biosand filters) just partly address biological contamination [72-76].
Amending biosand filters with Fe? is progressively established as an affordable and applicable alternative
to more sophisticated systems [77,78]. The more important feature is that in-situ-generated ferrous and
ferric oxides are contaminant collectors [17,19,36] besides impairing the permeability [20,24]. The question
arises: which other type of non-expansive additive material could be added to an Fe’/sand filter to
enhance its sustainability and improve its efficiency to remove other relevant contaminants? The result
achieved with PZ in this study has brought a reliable answer to this question and demonstrated that
ternary systems such as the Fe’ /sand /PZ system are the most recommendable.
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3.4.3. The Particularity of the Ternary Fe?/Sand/PZ System

The evidence that the utilization of natural porous additives could be a blessing for the reported
efficiency and permeability loss of conventional Fe’ filters was first demonstrated by Moraci et al. [79,80].
Testing PM, Bilardi et al. [79] reported increased permeability of the Fe’/PM system relative to
the Fe'/sand system but with a bit less treatability efficiency. Btatkeu-K et al. [21] therefore
recently suggested that substituting a fraction of sand from the conventional Fe’/sand by PM
could yield an improved system (ternary system) concealing enhanced sustainability and maintained
decontamination efficiency even though the results of their investigations finally contrasted with
those of Bilardi et al. [79]. However, this contrast was rationalized by the differences in operational
conditions, as the same 72% SiO,-containing PM material was tested in both cases.

It should be noted that porous PZ tested in this study was essentially made up of SiO; (81.2%).
This implies that as observed herein, while “PZ is an adsorbent as good as sand”, it also clearly seems that
“PZ is a better adsorbent than PM”. This may also explain why combining PZ and sand yielded the most
efficient system (Fe’/sand/PZ) at MB discoloration. More importantly, as discussed in Section 3.1,
the results of this study have also suggested that the pores of PZ are more interconnected than those of PM
materials. This was rationalized by the fact that all the PZ-containing systems were the most conductive.
This thus validates and consolidates the above report of Moraci et al. [79,80] but contradicts the results
of Btatkeu-K et al. [21], suggesting that ternary Fe®/sand /porous-additive systems would be less
efficient and permeable than the conventional Fe’/sand system. Meanwhile, the central rationale
for testing the ternary Fe'/sand /PM system by Btatkeu-K et al. [21] is confirmed in this study with
the ternary Fe®/sand /PZ system. This calls for more ample investigations on the Fe? /sand /PM system
with varied operational conditions for conclusive results. The very first step could be replicating
the experiments reported herein with a larger amount of the same materials (e.g., 100 g Fe’ and
the corresponding amounts of PZ and sand). In the meantime, the achievement of this study and
above discussion have clearly shown/confirmed that the ternary Fe®/sand/PZ system is the best
concealing long-term efficiency and enhanced sustainability.

4. Conclusions

The suitability of the MB method to characterize the reactivity of Fe’-amended systems were
confirmed. The results showed that the MB discoloration yields reliable data to understand processes
occurring within the Fe’-based systems (e.g., removal efficiency, permeability loss). The findings
for the Fel/sand system were extended to the Fe®/PZ and Fe®/sand/PZ systems and enabled
the characterization of the importance of using, as admixing aggregate to Fe” in the reactive zone,
a material whose intrinsic porosity could serve as a reservoir for in-situ-generated FeCPs. This helps to
delay Fe” ‘passivation’ and hence to sustain its efficiency for a more sustainable filter. Results showed
that PZ is such an appropriate admixing aggregate as all the PZ-containing systems appeared to be more
sustainable and very efficient at MB discoloration. In particular, the Fe’/sand /PZ system was optimal for
concealing maximal MB discoloration and minimal permeability loss. This work confirmed the suitability
of MB as a powerful operative indicator for the characterization of processes in the Fe® /H,O systems and
confirms the hypothesis that porous additives are suitable for improving the sustainability of Fe’ beds.
It is expected that the results presented herein are used as a cornerstone to design the next generation of
iron filters for use in households worldwide.
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