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Abstract: Acidic effluent such as winery wastewater is challenging to remediate. Biological sand
reactors can simultaneously remove organics and neutralize winery wastewater via biotic and abiotic
mechanisms. The systems have been shown to be suitable for treating the intermittent flow of
wastewater at small wineries. It has been shown that dissolution of calcite is the most important
abiotic mechanism for increasing the pH of the influent. In this study, sand column experiments were
used to determine the effects of (i) sand particle size distribution on calcite dissolution kinetics, and
(ii) the effects of calcite particle dissolution on the hydraulic conductivity. The results were then used
to calculate the theoretical temporal abiotic neutralization capacity of biological sand reactors with
differently sized sand fractions, including unfractionated (raw) sand. The results were compared
with those determined from a pilot system treating winery wastewater over a period of 3 years.
Sand fractions with larger particles contained lower amounts of calcite (using Ca as a proxy), but
exhibited higher hydraulic conductivities (3.0 ± 0.05 %Ca and 2.57 to 2.75 mm·s−1, respectively)
than those containing smaller particles and/or raw sand (4.8 ± 0.04 to 6.8 ± 0.03 %Ca and 0.19 to
1.25 mm·s−1, respectively). The theoretical abiotic neutralization capacity of biological sand reactors
was compared with a pilot system with the same flow rates, and a temporal abiotic neutralization
capacity of 37 years was calculated for biological sand reactors, which compared favorably with the
theoretical results obtained for wastewater with pH values between 2 (8.2 years) and 3 (82 years). It
was concluded that biological sand filters with around 10% calcite will be able to abiotically neutralize
winery wastewater and other wastewaters with similar acidities for the projected life span of the
system. Future work should focus on determining the effect of sand grain size on the bioremediation
capacity, as well as the use of biological sand reactors for treating other acidic organic wastewaters
such as fruit processing, food production and distillery wastewater.

Keywords: mineralogy; neutralization; remediation; sand particles; wastewater; winery wastewater;
water treatment; biological remediation

1. Introduction

In the cycle of production, development and processing of raw material to a final
product, waste and/or wastewater (WW) is generated. The global shortage of clean water
is aggravated by the rapid expansion of industries and the subsequent increase in the
overall volume of WW, including acidic WW, which has become a global environmental
challenge [1–3]. If the acid WW is not sufficiently remediated, there is potential for ad-
verse impacts on the environment and on human health [2,4]. If the WW is treated before
discharge, the energy and cost requirements as well the quality and quantity of the acid
WW inform the choice of treatment method. Physicochemical methods include adsorption,
extraction, distillation, and membrane filtration [5–7]. However, these treatment systems
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require large capital outlays and skilled personnel which may not be economically fea-
sible for some industries, especially those that do not generate large quantities of WW.
Wineries typically generate acidic WW that is highly seasonal in quantity and quality, but
most smaller wineries cannot afford to install, maintain and operate sophisticated WW
treatment systems.

Biosand reactors (BSRs), otherwise known as biological sand filters (BSF) or unplanted
constructed/treatment wetlands are cost-efficient, low maintenance treatment systems
that are able to effectively biodegrade the organic fraction of winery wastewater (WWW).
Operational results from a pilot horizontal flow system as well as a more advanced vertical
flow system with a novel hydraulic design have shown that the systems are also effective
in neutralizing acidic WWW while increasing the sodium adsorption ratio (SAR) of the
effluent [8,9]. The neutralization mechanism has been attributed to abiotic dissolution of
calcite present in the sand [8,9] and may be applicable to other forms of acidic WW, similar
to passive systems for treatment of acid mine drainage [10,11].

While there are in depth reports in the literature on determining and modelling
particle shapes in sand [12–14], and it has been shown that stress pressure is the major
factor influencing the size and shape of sand particles, including calcareous particles [15],
there is little information in the literature comparing the shape and size of particles in sand
with mixed mineralogy. Uing QEMSCAN® analyses [16,17], demonstrated differences in
particle shape related to minerology in dune sand containing approximately 18% calcite
and 81% quartz. In this case, it was found that the calcite particles were more angular and
less round than the quartz particles. As shape plays a major role in particle packing, the
hydraulic conductivity (HC) of the sand could not be predicted accurately using existing
models which assume particle sphericity [17].

The dissolution kinetics of CaCO3 from the calcite is affected by the pH and partial
pressure of CO2. Three heterogenous reactions usually take place simultaneously at the
solid–liquid interface, namely: solid surface protonation where the H+ ions in solution
diffuse to the solid surface (Equation (1)), surface interaction with carbonic acid (H2CO3)
where it adsorbs to the surface of the calcite (Equation (2)), and surface hydration where
the H2O migrates to an active site (Equation (3)) [18]. The exothermic dissolution reaction
(Equation (4)) results in an increase in temperature of the solution and a decrease in calcite
solubility [19]. Once solubilised, the products desorb into solution and migrate away from
the reaction sites into the bulk solution [18]. Solubilisation is driven at lower pH values,
while reprecipitation can take place when the pH of the WWW increases. While BSRs are
effective at neutralizing acidic WWW, the longevity of the abiotic calcite dissolution process
is unknown and cannot be modelled using kinetics due to the seasonal variability in the
quality and quantity of this effluent, both inter- and intra-winery [8,9,20]. In addition, flow
rates are confounded by the attachment of functional microbial biomass to the sand particles
creating ever-changing porosities in the sand matrix [17]. The pH of the liquid is the most
important parameter affecting calcite dissolution. Although WWW generally has a low pH
and high sodium (Na) concentration, the pH varies from acidic to alkaline depending on
the seasonal cellar practices taking place at the time of WWW generation [21,22].

CaCO3 + H+ ↔ Ca2+ + HCO3
− (1)

CaCO3 + H2CO3 ↔ Ca2++ 2HCO3
− (2)

CaCO3 + H2O↔ Ca2+ + HCO3
− + OH− (3)

CaCO3 ↔ Ca2+ + CO3
2− (4)

This study was conducted in order to ascertain: (i) How BSR systems may function
over time in terms of calcite removal viz how long before the abiotic neutralizing capacity
is expended, (ii) Whether calcite dissolution kinetics can be improved by using different
sand size fractions in BSRs, (ii) Whether calcite dissolution positively or negatively affects
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the HC of fractionated and/or raw sand, (iii) How results obtained from ex-situ column
experiments may relate to field data from operational BSRs.

2. Materials and Methods
2.1. Column Experiments: Set-Up and Operation

The experimental set-up (Figure 1) consisted of a series of identical clear acrylic
columns with internal diameters of 30 mm and lengths of 500 mm. The particle size distri-
bution of the raw sand was determined (Section 2.4.2), and the sand was then partitioned
into six different size fractions. Each column was filled with 100 g of Dune quarry sand
from Philippi, Cape Town, South Africa with either raw (unfractionated) sand or sand with
different size fractions (Table 1). The bottom caps of the columns consisted of stainless-steel
screens and open cell polyurethane that retained the sand but did not impede the flow
rate. The sand was saturated and allowed to settle for 24 h and the HC was determined by
the falling head method using tap water as described in Section Calculation of Hydraulic
Conductivity by the Falling Head Method. The columns were then placed in a 37 ◦C
constant environment room overnight to allow the sand to dry.

Each column was dosed continuously with 2.5 L of either 0.1 M HCl (tests) or distilled
water (dH2O) (negative control) using IVAC volumetric pumps (Model 597) at a flow rate of
10 mL·h−1 for a total of 10.4 days at a hydraulic retention time (HRT) of approximately 1.8 h
and a hydraulic loading rate (HLR) of ±3850 L·m−3 of sand·day−1. The volume of influent
was theoretically calculated according to Equation (1) to ensure complete dissolution of
calcite in the original fraction of sand. The effluent was collected in enclosed Erlenmeyer
flasks which were emptied daily, and the contents from each column was pooled and stored
at 3 ◦C until the end of each respective column experiment. After the dosing period, the
final HC was measured and the sand was allowed to dry at 37 ◦C and then weighed. Each
experiment was conducted in triplicate.
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Table 1. Sand particle size fractions in columns (100 g per column).

Column
(n = 3)

Particle Size
(mm)

Amount
(% wt.wt)

Ca in Sand
(% wt.wt) Comments

1 & 2

>1.00–2.00
>0.600–1.00

>0.425–0.600
>0.300–0.425
>0.150–0.300
>0.075–0.150

<0.075

10.0
24.3
18.2
19.7
25.3

2.1
0.4

5.4 ± 0.01 Raw (unfractionated)
sand

3 >1.00–2.00
>0.600–1.00

29.2
70.8 3.0 ± 0.05 Homogenized fractions

4 0.425–0.600
>0.300–0.425

48.0
52.0 6.7 ± 0.07 Homogenized fractions

5
0.150–0.300

>0.075–0.150
<0.075

91.0
7.6
1.4

6.8 ± 0.03 Homogenized fractions

6

1.00–2.00
>0.600–1.00

>0.425–0.600
>0.300–0.425

13.9
13.7
25.2
27.3

4.8 ± 0.04 Homogenized fractions

7

1.00–2.00
>0.600–1.00

>0.425–0.600
>0.300–0.425
>0.150–0.300

10.3
24.9
18.7
20.2
25.9

5.6 ± 0.019 Homogenized fractions

2.1.1. Calculation of Operational Parameters
Calculation of Hydraulic Conductivity by the Falling Head Method

The HC or co-efficient of permeability (k) of a porous media is the ease of which water
passes through it and is defined by Darcy’s Law. This can be rewritten in terms of the
falling head conditions as in Equation (5):

k = (2.303aL/At)·Log10(h1/h2) (5)

where a is the cross-sectional area of the standpipe, L is the length of the porous media,
A is the cross-sectional area of the porous media, t is the time the liquid takes to drop
from h1 to h2, and h1 and h2 are the start and stop levels above the outlet. In this study, in
the HC experiment, h1 and h2 were 470 mm and 145 mm above the stainless-steel sieve,
respectively. The times taken for the water to drop from h1 to h2 were recorded with a
stopwatch. Each measurement was conducted in triplicate.

2.1.2. Hydraulic Loading Rate

The HLR was calculated in terms of the volume of sand within the column as previ-
ously described [8] and was on average 2244 L·m−3 of sand·day−1.

2.2. Biosand Filters: Set Up and Operation

A novel pilot scale BSR/BSF was installed and operated at a small cellar within the
Western Cape, South Africa. The system consisted of four units (1.73 × 1.05 × 0.42 m) filled
with a total volume of 7.26 m3 sand which were gravity fed and operated in horizontal sub-
surface flow mode (Figure 2). The system treated approximately 402 L·day−1 or 137 L·m−3

of sand·day−1, and the performance results have been published elsewhere [8].
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Figure 2. Sample locations of onsite treatment system.

2.3. Sampling

For the column experiments, the effluent from each column was collected and analysed
daily, then pooled and stored at 3 ◦C until the end of each experimental run. Samples of
homogenised fractions and raw unfractionated sands (Table 1) were set aside before the
start of the experiments. At the end of the experimental period, the contents of each column
were homogenised and sampled.

In order to compare the ex-situ experimental data obtained with the columns with
in-situ operational data, core samples were extracted from each of the 4 BSR modules each
year for three years. At each sampling instance, six sand cores were extracted from each
module (three from the inlet and three from the outlet, as shown in Figure 2). The contents
of each core were partitioned into samples from the top (0–5 cm below the surface) and
bottom (25–30 cm below the surface) of the BSRs. A total of 144 samples were collected
(48 each year). All the sand samples were dried thoroughly before further analyses.

An additional set of samples were taken at 3.2 years at the inlet, middle and outlet
from one filter at (0–5 cm below the surface) and middle (25–30 cm below the surface)
bottom (45–50 cm below the surface) of the BSRs.

2.4. Analytical Procedures
2.4.1. Effluent

The pH of the daily and pooled effluent was determined according to the manu-
facturer’s instructions using a CyberScan pH300 meter and appropriately calibrated pH
probe PHWP300/02K (Eutech instruments, Singapore). Concentrations of Ca in the pooled
effluent samples were determined using a Thermo ICap 6200 ICP-AES plasma optical
emission spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) at the Central
Analytical Facility at Stellenbosch university (Stellenbosch, South Africa) according to the
manufacturers’ instructions.

2.4.2. Sand

The particle size distribution of the sand was performed according to SANS 3001 (Method
AG1, PR5, AG21) by Cetlab, South Africa.

The sand samples were ground to a fine powder by swing milling and the elemental
composition was determined by the Central Analytical Facility by X-ray fluorescence
(XRF) spectrometry on a PANalytical (Almelo, The Netherlands) wavelength dispersive
spectrometer according to the manufacturer’s instructions.
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Fractionated samples of sand were analysed by automated scanning electron mi-
croscopy using a FEI QEMSCAN® (Quantitive Evaluation of Minerals by SCANning
Electron Microscopy) instrument as previously described [23] (Thermo Fisher Scientific,
Waltham, MA, USA) and iDiscover™ software. The roundness and aspect ratios of the
different mineral fractions determined using the iDiscover™ software were used to com-
pare the shapes and sizes of particles with different mineral compositions according to the
method described by [16].

3. Results and Discussion
3.1. Calcite Dissolution in Raw Sand and Fractionated Sand: Column Experiments

The concentration of Ca was measured as an equimolar proxy for dissolution of CaCO3
from the calcite particles (Equations (1)–(3)). In order to cross check CaCO3 solubilisation,
the total amount of Ca captured in the column effluent was compared with the total
amount of Ca lost from the sand in the columns (Figure 3A). Results were generally in good
agreement with one another, with no significant differences between the amount of Ca lost
and Ca captured (p > 0.05, paired T-test).
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Figure 3. Mass balance of the calcium captured in the effluent and the calcium lost from the sand
(A), and the distribution of grain size fractions in the columns (B). The bars from plot A are aligned
vertically with those from plot B, both representing columns 1 to 7.

Only negligible amounts (<1%) of CaCO3 were solubilised from the negative control
columns containing raw unfractionated sand treated with dH2O (column 1, Figure 3). In
the case of the test columns, less CaCO3 was mineralised in the columns containing the
larger sand particles (column 3) than in the other columns. This was an anomaly unique to
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column 3 because: (i) the initial Ca concentration in the sand (3% wt.wt) was lower than
in the other columns (4.8–6.8% wt.wt, Table 1), (ii) 99% of the Ca was removed during the
experimental period, and (iii) the neutralization endpoint was achieved between day 6 and
day 7 of the experiment (Figure 4). In comparison, neutralization endpoints were achieved
after 10 days in the columns containing raw sand (column 2), and those with medium/large
particles sizes only (columns 6 and 7), with 91%, 96% and 95%, respectively, of the Ca
being solubilised. In contrast, only 84–85% of the Ca was solubilised in the columns that
contained only small sand particles (columns 4 and 5), and no neutralization endpoint was
achieved after 11 days. However, these columns contained the highest Ca concentrations
(≥6.7 g), and the amount of HCl solution added was theoretically calculated to solubilise
5.00 g CaCO3.
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Overall, as shown in Figure 4 there were no significant differences in the average pH
values measured in the effluent from the test columns (2–7) over the first 5 days of the
experimental period (ANOVA: F crit > F, p > 0.05), indicating that CaCO3 solubilisation
may not be significantly affected by particle size provided sufficient calcite is available. The
results clearly demonstrate that from a long-term neutralization perspective, it is important
to include sand particles with higher calcite concentrations in BSRs. In this study, more
of the smaller sand particles were composed of calcite, as discussed in more detail in
Section 3.3. This may also be beneficial in terms of dissolution kinetics because the overall
reaction surface area is larger with smaller particles [10].

3.2. Hydraulic Conductivities of Raw and Fractionated Sand: Column Experiments

The column CaCO3 dissolution experiments (Section 3.1) provided insight into which
fractions of sand and combinations thereof can maximise the capacity of BSRs to neutralize
acidic WW such as WWW. However, the HC of BSRs needs to be maintained at rates that
will allow sufficient HRT for treatment but not impede the flow to the extent where the
treatment capacity becomes limited [9,24]. For spherical sand particles, the HC increases as
the particles increase in size and/or become less uniform in size [25,26]. More holistically,
the particle size, particle size distribution (PSD) and particle morphology all influence
the manner in which the particles physically pack together [27–29]. The porosity as well
as the intrapore distribution space are key parameters influencing the HC, and these are
dependent on particle packing [27–29].

To determine whether particular fractions of sand particles, or combinations thereof
could offer both good flow properties as well as neutralization efficiencies, the HCs of
the sand-containing columns were experimentally determined (Figure 5). There were no
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significant differences (p > 0.05, paired T-test) in the HC measurements taken before and
after CaCO3 solubilisation, indicating that the loss of the calcite particles did not have a
negative effect on particle packing. The HC measurements in column 3 containing the
largest particles (>0.6 to 2 mm) were more than 10-fold higher than those in the columns
1,2 and 5 containing the smallest particles (≤0.150 mm). In all the columns containing
fractionated sand mixes without particles ≤0.150 mm (columns 3, 4, and 6), the HC was
higher than that in the columns containing raw (unfractionated) sand. The second highest
HC was measured in the columns containing all fractions of sand >0.150 mm (column
6); however, this was only half the HCs measured in the columns containing the larger
particles (column 3) but double the HC of the raw sand (columns 1 and 2).
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Figure 5. Measured hydraulic conductivity in sand columns before and after calcite dissolution
(A), and the distribution of grain size fractions in the columns (B). The bars from plot A are aligned
vertically with those from plot B, both representing columns 1 to 7.

In summary, the column experiments showed that prudent fractionation of sand
particles can increase the HC of sand-based treatment systems significantly. As expected,
the columns with the most and least efficient HCs were those containing the largest and
smallest particles, respectively. The converse was true when considering the neutralization
capacity (Section 3.1). When designing BSR systems, if the HC of raw sand is too low to
achieve design HLRs, it may justify the cost of fractionating the sand. Following this, it
should be considered which fractions of sand afford the best treatment performance. In
this study, there was a trade-off between achievable flow rates and neutralization capacity.
It must also be noted that while neutralization of acidic WW was emphasised in this
study, other important factors such as the bioremediation capacity may also differ between
sand fractions.
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3.3. Temporal Abiotic Neutralization Capacity (TANC) of Biological Sand Reactors
3.3.1. Theoretical Values Based on Data Obtained from Column Experiments

To date, operational BSR systems have been filled with raw (unfractionated sand) [8,9].
In the column replicates containing raw sand (5.4± 0.01 g), the neutralization endpoint was
reached after 10 days, and 91% of the Ca in the columns was solubilised and washed out
after 11 days. These results indicated that 9% of the calcite in the raw sand was recalcitrant
to solubilisation and/or that preferential flow paths existed within the column intra-pores
so that some calcite particles were not exposed to the acidic influent. The latter is more
likely, as smaller particles can fill the void spaces afforded by larger particles, hampering
flow on a spatial level, as evidenced by low HC values previously measured using sand
with mixed grain sizes [17].

The longevity of BSRs in terms of the temporal abiotic neutralization capacity (TANC)
is theoretically affected by three main factors: the available calcite, the HC (or flow rate),
and the influent WW composition. The pH is the most important WW parameter affecting
calcite dissolution kinetics. Although the calcite in a particular batch of sand is finite, it is
anticipated that the neutralization capacity may be supplemented in a dedicated upstream
or downstream process similar to a permeable reactive barrier (PRB) once the calcite within
BSRs is expended [30].

Simplified reaction kinetics (Equation (6)) using the major overall chemical reaction
were used to determine the TANC of BSR systems containing the raw sand and the different
sand fractions used in the column experiments. Based on Equation (4), Equation (7) was
formulated to calculate the longevity of BSRs per cubic meter of sand by using the mass of
available calcium concentration with the sand and dividing it by the amount of H+ applied
to the sand due to the influent pH values (Ca as a proxy for CaCO3).

CaCO3 + 2HCl↔ CaCl2 + CO2 + H2O (6)

Tyears = %Ca × ρ ÷ (731.4235 × Q × (10−pH − 10−7)) (7)

In Equation (7) the %Ca is the percentage calcium available in the sand, ρ is the density
of the sand, Q is the flow rate of a reactor expressed in L·m−3 of sand·day−1, and 731.4235 is
a constant for converting the molar masses of Ca to H+ required per annum at a given Q.
The pH is converted into the concentration of H+, and effluent pH values > 7 are ignored.

The theoretical TANCs based on a pilot BSR system containing raw sand from the same
quarry site and operated in horizontal subsurface flow mode [8] were calculated for the
raw sand and different sand fractions used in the column experiments. The experimental
HCs measured in the column experiments (Figure 5A) were notably higher than the actual
HC (0.040 mm·s−1) calculated from the in-situ flow rates (150 L·m−3 of sand.d−1) in the
pilot BSR system [8].

When flow rates were extrapolated from the experimental HCs determined in the
column experiments to the scale (0.735 m3) of the pilot BSR system, the TANC ranged
from around 2 months to over 15.8 centuries for influent with pH values ranging from
2 to 6 (Figure 6A). The HC values for the columns containing raw sand (column 2 repli-
cates) and the columns with the highest HC and least amount of Ca (column 3 replicates)
would translate into theoretical flow rates of 2400 L·m3 of sand·day−1 and 15,600 L·m3 of
sand·day−1, respectively, in the BSR system. Although such high flow rates can increase
treatment capacity, the RTs of 10.4 and 1.5 h, respectively, would be insufficient for effective
WW bioremediation. In reality, BSRs can be designed with mechanisms to retard flow
rates/RTs and, to a lesser extent, to increase flow rates [9].

The HC values obtained in the column experiments did not account for the accumu-
lation of functional biomass, which was shown to reduce the HC by up to 80% without
problematic clogging [8]. The microbial biomass in sand-based systems promotes not only
biodegradation, but also flocculation, adsorption and interception [31].
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Figure 6. Log graphs and tables showing the theoretical abiotic neutralization capacity values of a
horizontal flow gravity-fed biological sand reactor system with flow rates based on: (A) Column
experiments (this study), and (B) in-situ flow rates in a pilot biological sand reactor system as
previosuly described [8]).

Taking all these factors into account, the TANCs were re-calculated using the actual
HC achieved in the pilot BSR system (Figure 6B). In each case, the values increased. For
example, the theoretical TANC of a BSR containing the same sand as column 2 increased
from around 6 months to 8 years and from 5 to 90 centuries at influent pH values from 2 to
6, respectively.

3.3.2. Validation of Theoretical Results with Data Obtained from Operational Biological
Sand Reactors

In order to validate the TANC results obtained using Equation (7) (Figure 6), a three-
part approach was adopted using the results from the on-site BSR system and the measured
flow rates of that system. Three chemical parameters were assessed: (i) the Ca concen-
trations in sand cores taken annually over a three-year period, (ii) The difference in Ca
concentrations between influent and effluent (Ca solubilised), and (iii) the average H+ of
the influent calculated from the pH values [8].
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Results Based on the Calcium Concentrations in Core Samples

The Ca was preferentially removed from the top inlet of the BSR modules, with
negligible removal in the other core samples (Figure 7A). The different spatial results were
anticipated as the WWW is expected to become gradually less acidic as it passes through
the BSR modules, perhaps even precipitate again as CaCO3 in some instances towards the
outlet. Despite the spatial variation, it was estimated from averaged inlet, middle and outlet
core results taken after 3.2 years of operation that 8.6% of the calcite or a 5.3 kg Ca·m−3

of sand·year−1 had been solubilised (Table 2), translating into a TANC of approximately
37 years with an influent of the same strength and composition.
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Figure 7. Percentage calcium in sand from cores taken from biosand reactors treating winery wastew-
ater for three years.

Table 2. Percentage calcium in sand from cores taken from biosand reactors treating winery wastewater.

Position Inlet (ca wt.wt) Middle (ca wt.wt) Outlet (ca wt.wt)
Top (0–5 cm) 4.5 9.0 9.2

Middle (25–30 cm) 9.2 9.3 9.4
Bottom (45–50 cm) 9.4 9.2 9.5

Results Based on Influent and Effluent Calcium Concentrations

The Ca concentration increased by an average of 24 ± 32 mg·L−1 from influent to
effluent, which translates into a removal of 1.3 kg ± Ca·m−3 of sand·year−1 as previously
published [8]. The initial Ca concertation in the sand was 159 kgCa·m−3 of sand (9.6%
wt.wt), which would result in a TANC of 132 years.

Results Based on Influent pH Values

The pH measurements in the WWW influent ranged from 4.55 to 7.95 (n = 33) as
previously published by [8]. The amount of Ca that could theoretically be solubilised for
the amount of H+ added was 0.003 mol·year−1, indicating a TANC of 17,652 years using
Equation (7).

In summary, the three approaches provided notably different results ranging from
37 years to 17,652 years. Amongst other factors, the accuracy of the results based on the
influent and effluent values was compromised by the variability of WWW and temporal
sampling, while those based on Ca removal from the BSRs were compromised to a lesser
extent by the spatial variation in calcite dissolution. Nonetheless, the preservation of calcite
within the middle and outlet of the BSRs after 3.2 years provided unequivocal evidence
of system longevity. The TANC of 37 years based on temporal changes in the %Ca in
the extracted cores compared favourably with the theoretical TANC based on the results
obtained from column 2 containing raw sand, with the actual BSR flow rates for influent
with pH between 2 (8.2 years) and 3 (82 years).
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3.4. Changes in the Character of the Sand Particles before and after Calcite Dissolution in Columns
and Biological Sand Reactors

The changes in the character of the sand particles after calcite dissolution were assessed
using two batches of raw sand from the same quarry site, namely, the sand used in the
column experiments, and the sand used in the BSR system. Only sand taken from the top
inlet area of the BSRs was used to assess changes in the BSR system sand as negligible
calcite dissolution was observed in the other spatial niches (Table 2). In the case of the
columns, the calcite was dissolved artificially using HCl, while in the BSRs, real WWW was
responsible for any dissolution that occurred.

3.4.1. Chemical Composition of Sand

The major minerals and accompanying elements in both batches of sand were calcite
and Ca, and quartz and Si, respectively. In both batches of sand, decreases in Ca and calcite
were accompanied by relative increases in Si and quartz (Tables 3 and 4). Other elements
and minerals were only present in very low concentrations, and only negligible relative or
actual increases or decreases occurred (Tables 3 and 4).

Table 3. Average major elemental composition (% wt.wt) of the raw sand determined using X ray
diffraction (n = 4).

Al Ca Cr Fe K Mg Mn Na P Si Ti
Column before 0.15 5.39 bdl 0.05 0.11 0.01 bdl 0.06 0.01 43.0 0.03
Column after 0.16 0.54 bdl 0.04 0.12 bdl 0.01 0.02 0.00 49.0 0.02

BSR year 0 0.18 9.57 bdl 0.06 0.13 0.06 bdl 0.10 0.01 37.7 0.03
BSR year 3 0.24 4.26 bdl 0.09 0.17 0.06 0.01 0.04 0.02 43.9 0.03

Note(s): bdl = below detectable limit.

Table 4. Mineral composition of the raw sand determined using QEMSCAN®.

Column before Column after
Size fraction (µm) Combined 1180> >425 <425 Combined 600> >300 <300

Quartz 81.3 87.8 80.0 82.5 87.49 97.30 99.36 97.91
Feldspar 0.8 0.1 0.9 0.8 1.25 2.46 0.50 1.56

Mica ND ND ND ND 0.07 0.14 0.02 0.09
Other silicates ND ND ND ND 0.06 0.03 0.04 0.13

Calcite 17.6 11.9 19.0 16.2 0.02 0.01 0.02 0.06
Fe-oxides/hydroxides 0.1 0.1 0.1 0.1 0.08 0.05 0.05 0.18

Others * 0.1 0.0 0.1 0.2 0.03 0.01 0.01 0.08

Note(s): ND = not detected, * = includes accessory minerals e.g., fluorite and apatite.

In the columns, the %Ca and calcite were reduced by 91%, and 99.9%, respectively
(Tables 3 and 4), indicating almost complete dissolution of calcite, but there was some
residual Ca, either alone or complexed with other anions in the sand. In contrast, in the
BSRs, the %Ca and calcite were reduced by 57% and 29.7%, respectively, after 3 years of
operation. The absence and presence of calcite in the column and BSR sands at the end of
the respective experimental periods were determined by QEMSCAN® using thousands
of automated digital images, an example of which is shown in Figure 8 The anomalous
result between the %calcite and Ca reduction in the BSFs can be explained by the addition
of Ca from the influent WWW which contained an average of 36.2 mg·L−1 Ca (range 6.6 to
104.0 mg·L−1) [8].

3.4.2. Size and Shape of Sand Particles

After respective dissolution with HCl and WWW, the sand particle sizes between
0.1 and 1 mm in both the columns and the BSR sands decreased, but the differences were
negligible in the BSR sand (Figure 9). This could be related to some extent to the lower
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calcite dissolution in the BSR and/or physical effects of the HCl on the non-calcite particles
in the column sand.
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Figure 8. Particle image of column sand before (A) and after (B) calcite dissolution.
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Figure 9. Particle size distribution curves for the batches of sand used in the column 2 experiments
and the biological sand reactors at the beginning and end of the respective experimental periods.

The shape of particles in terms of roundness and elongation can be described using
roundness and aspect ratios [16]. Roundness is the ratio of the area of the particle to the
smallest perfect circle able to fit around the particle outline, with rounder particles having
higher roundness ratios. The aspect ratio is a ratio of the lengths of the long and short
particle axes, so that higher ratios equate to more elongated particles [16]. In this study,
the mineral composition of the grains was relatively pure and the quartz particles of both
batches of raw sand before dissolution were generally rounder and more elongated than
the calcite quartz particles (Table 5, Figures 8 and 10).



Water 2022, 14, 2603 14 of 16

Table 5. Relationship of mass % distribution of quartz and calcite particles in terms of aspect ratio
and roundness.

Column
Aspect ratio <0.2 <0.3 <0.4 <0.5 <0.6 <0.7 <0.8 <0.9 <1.0

%Quartz before (n = 2572) 0.00 0.02 0.15 2.19 8.24 18.19 28.93 26.88 15.40
%Quartz after (n = 5191) 0.00 0.18 0.96 4.40 12.48 23.30 27.44 23.03 8.15
%Calcite before(n = 253) 0.53 1.81 4.60 15.85 13.77 21.58 18.48 15.10 8.28
%Calcite after(n = 478) * 0.00 0.00 0.79 2.33 33.39 16.38 1.76 3.28 42.07

Roundness <0.2 <0.3 <0.4 <0.5 <0.6 <0.7 <0.8 <0.9 <1.0
%Quartz before (n = 2572) 0.00 0.10 1.17 8.13 18.86 33.26 31.47 7.00 0.00

%Quartz after = 5191) 0.10 0.66 3.99 14.72 29.13 32.06 16.69 2.66 0.01
%Calcite before (n = 253) 0.53 1.81 4.60 15.85 13.77 21.58 18.48 15.10 8.28
%Calcite after(n = 478) * 0.00 4.78 6.95 9.26 32.95 5.38 0.00 1.17 39.50

BSR
Aspect ratio <0.2 <0.3 <0.4 <0.5 <0.6 <0.7 <0.8 <0.9 <1.0

%Quartz year 0 (n = 5267) 0.00 0.08 1.17 5.35 14.22 21.47 29.24 20.33 8.13
%Quartz year 3 (n = 5472) 0.00 0.12 1.12 5.34 13.90 23.78 25.59 20.11 10.04
%Calcite year 0 (n = 4768) 0.96 4.20 16.69 18.99 22.18 14.48 11.20 7.87 3.42
%Calcite year 3 (n = 2999) 0.52 5.88 17.11 16.90 17.31 19.77 11.89 7.53 3.07

Roundness <0.2 <0.3 <0.4 <0.5 <0.6 <0.7 <0.8 <0.9 <1.0
%Quartz year 0 (n = 5267) 0.06 0.89 5.12 17.78 30.59 31.48 12.00 2.03 0.06
%Quartz year 3(n = 5472) 0.02 0.92 5.86 16.82 32.08 26.09 15.51 2.66 0.05
%Calcite year 0 (n = 4768) 1.67 11.11 24.11 27.00 18.75 11.48 4.50 1.16 0.22
%Calcite year 3 (n = 2999) 1.50 11.01 25.34 25.14 19.25 13.40 3.46 0.70 0.18

Note(s): * = calcite in too low quantities for reliable shape data.
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In the columns, only 9% of the original calcite particles remained after dissolution.
Although the roundness and aspect ratio mass balances of these particles showed marked
temporal differences, no trends were noted (Table 5). The quartz particles, however,
became less round as well as less elongated, possibly due to the action of the HCl on the
particle surfaces.

In the BSRs, there were no significant temporal changes in the roundness or aspect
ratios of either the calcite or quartz particles (p > 0.05, paired t-test). It was hypothesized
that the less acidic WWW allowed the particles to maintain their structure in comparison
with the particles subjected to HCl in the columns. In addition, less calcite was solubilised
in the BSRs.

4. Conclusions

Biosand reactors containing unfractionated sand have a TANC longer than the pro-
jected lifespan of the related infrastructure. The hydraulic conductivity is unaffected by
dissolution of calcite particles but can be increased by removing smaller sand particles.
In real world situations, it is suggested that the sand is replaced every 10 to 15 years or
when the effluent pH is no longer increased though the filters. Based on the results of this
study, future research should focus on the bioremediation performance of BSRs containing
selected fractions of sand, as well as changes in HC that occur due to build-up of functional
biomass in these systems. It is suggested that future BSRs should operate in vertical flow
conditions which allows for sufficient head across the filter together with the ability to
manipulate flow rates, and the systems should be operated with an HRT of no less than 24 h
to allow sufficient microbial interaction with the wastewater. It is also suggested that the
optimal grading would be sand particles > than 0.450 mm which would be a combination
of the sand used in column 3 and column 4 in this study. For the sand used in this study,
this would constitute 54% of the entire grading and would provide the 46% fraction with
smaller particles for use in concrete mixes where smaller particles are more desirable. The
projected TANC of such a system would be 68 years. In addition, the use of BSRs for the
remediation of other acidic organic WW should be investigated.
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