
More efficient treatment methods must be developed for ensuring the 
future availability of drinking water.  The purpose of this project was to 
determine how particle size composition can be optimized to improve the 
performance of sand as a natural, inexpensive, sustainable water filtra-
tion media.
Calibrated sieves were used to selectively remove specific particle size 
fractions from all-purpose sand.  Permeation times, together with pH and 
calcium concentrations of filtered water samples were used to prove that 
the water filtration rate of sand can be increased by 65% by removing the 
<150 micron particle size fraction (11.3% by weight), while maintaining 
pH buffering performance.  
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Introduction 

The availability of safe supplies of drinking 
water is a worldwide concern owing to the 
effects of pollution, water-borne disease and 
increased consumption. [1] We must continue 
to develop effective, sustainable, easy to use 
methods for treating water to allow safe re-use 
by living organisms. 
The natural water cycle uses evaporation and 
soil filtration as the principal elements for wa-
ter purification.[2,3]  As we continue to cover 
the surface of the Earth with non-permeable 
materials (buildings and roads) we reduce the 
effectiveness of the natural water cycle for 
water filtration.
Sand filtration is a low cost, readily available 
method for water purification. [4] The goal of 
this project is to define the effect of particle 
size on the performance of sand as a treat-
ment media for improving the pH and alkalin-
ity of water.  The hypothesis of this project is 
that the particle size composition of sand can 
be modified to improve its performance as a 
water treatment media, relative to as-received 
sand.  

Materials and Methods

All purpose sand (Quickrete, inc) was pur-
chased from a garden supply store (Lowes).  A 
series of eight calibrated sieves (Allen-Brad-
ley) were used to separate the all-purpose 
sand into different particle size fractions based 
on the sieve sizes, as shown in Figure 1.  A 
triple beam balance was used to weigh all par-
ticle size fractions collected from each sieve. 
Water treatment columns were prepared by 
filling 20 cm long, 1.75 cm internal diameter 
plastic tubes with sand samples to 4 cm height 
(7 cm3 by volume) and tapping the tubes on a 

Figure 1.  Illustration of sieves and method used to sepa-
rate sand into different particle size fractions.
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Figure 2.  The permeation tube setup employed for test-
ing sand samples.

Figure 3.  Test setup for measuring pH and ion concentra-
tion in permeate samples.

Table 1.  Electrode Calibration Data, Fertilizer Solution 
Data and Tap Water Analyses.

Table 2.  PH and Ion Selective Electrode Repeatability Test 
Data.

hard surface to remove gaps or holes.  Sec-
tions of coffee filters were placed in the bottom 
of the permeation tubes prior to filling with 
sample to hold the sand in place.
The permeation times of sand samples were 
measured by adding 200 ml of distilled water 
to the permeation tubes, collecting every 20 
ml of permeate in labeled collection bottles 
and measuring the time of each 20ml water 
collection.  The permeation time measurement 
setup is shown in Figure 2.  
A pH meter and calcium ion selective elec-
trode (Vernier Scientific) were calibrated using 
high and low calibration standards (Vernier 
Scientific). [5,6]  The experimental setup used 
for measuring the pH and Ca2+ in each of the 
permeate samples is shown in Figure 3.  The 
calibration standards used for calibrating the 
electrodes and the actual electrode responses 
to the standard solutions after running them 
as samples (before and after running the per-
meation samples) are shown in Table 1.  All 
electrode responses to the calibration solu-
tions were within 5% of their stated values.
The repeatability of the pH and ion selective 
electrode measurements was evaluated by 
performing five repeated measurements on 
separate samples of tap water.  The data from 
this repeatability test is listed in Table 2.  The 
repeatability relative standard deviation (RSD) 
for all test methods was equal to or less than 
3.3%.

Results

Particle Size Composition of All-Purpose 
Sand
The all-purpose sand used in this study is 
principally composed of silicate and calcium 
carbonate particles.  The sand particles are 
composed of a wide range of particle sizes.  
As shown in Figure 1, calibrated sieves were 
used to separate the all-purpose sand into 
eight separate particle size fractions.  The 
weight of each particle size fraction was used 
to calculate the weight % particle size compo-
sition of all-purpose sand, as shown in Figure 
4.  The data shown in Figure 4 is based on av-
eraged results from five independent particle 
size separations of all-purpose sand.  The in-
dividual particle size composition data is listed 
in Table 3.  The relative standard deviations 
of the particle size composition data ranged 

ISE Calibration Measurements
Std pH CA

values 4.0, 7.0 10, 1000 mg/L
Initial Final Initial Final

low 4.0 4.2 9.8 9.9
high 7.0 7.1 1033 1008

Precision Data
Sample pH Ca (mg/L)

1 6.9 14.0
2 7.0 13.5
3 6.8 12.8
4 6.8 13.7
5 7.0 13.5

Average 6.9 13.5
Std. Dev. 0.10 0.44
R.S.D. (%) 1.5 3.3
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Figure 4.  Weight % particle size composition of 
all-purpose sand (average of 5 measurements).

Table 3.  Particle size composition of all-purpose sand (5 separate tests).

from 7.6 to 18.6 %, depending on particle size 
fraction.  This data suggests that some parti-
cle size segregation may have occurred in the 
bag of all-purpose sand during storage and 
handling.

Impact of Sand Particle Size on Water Per-
meation Time 
The effect of particle size on water permeation 
time was studied by comparing the water per-
meation time of all-purpose sand to the per-
meation times observed for each of the eight 
sand particle size fractions shown in Figure 
4 and Table 3.  The average results from two 
independent permeation tests of all-purpose 
sand and the eight separate particle size frac-
tions of all-purpose sand are shown in Figure 
5.  As shown in Figure 5, the <150 micron 
particle size was the only sample that showed 
a longer permeation time (slower permeation 
rate) than all-purpose sand.  This observation 
suggests that removing the <150 micron parti-

cle size fraction would significantly reduce the 
water permeation time (increase the permea-
tion rate) of all-purpose sand.  
 

Impact of Sand Particle Size Optimization 
on Water Permeation Time
Samples of all-purpose sand were separated 
into eight individual particle size fractions as 
discussed above (see Figure 1).  For each 
sand sample, one particle size was selectively 
removed and the remaining particle size frac-
tions of sand were recombined.  In this man-
ner, eight sand samples were prepared where 
a different particle size fraction was removed 
from each sample.  200 ml of deionized water 
was used to measure the permeation time for 
each of these samples.  Figure 6 and Table 
4 show the average permeation time perfor-
mance for two independent tests of all-pur-
pose sand and sand with one particle size 
fraction removed.  It is interesting to note that 
none of the particle size modified sand sam-
ples exhibited longer  permeation times than 
all-purpose sand.  The comparative perfor-
mance data shown in Figure 6 shows that the 
selective removal of the <150 micron particle 
size fraction exhibits the largest reduction in 
water permeation time (increase in permea-
tion rate).  In fact, removing the <150 micron 
particle size fraction (11.3 wt %) reduced the 
water permeation time by 55%, from 133.5 to 
60.3 seconds.

Particle Size Composition of Sand
Weight % Sample Particle Size Range (microns)

Sample 
#

<4760
>2380

<2380
>1700

<1700
>1190

<1190
>595

<595
>500

<500
>354

<354
>150

<150 Total 
Wt %

1 13.9 11.8 10.0 15.5 9.5 10.4 18.3 10.5 100
2 19.3 11.3 11.0 14.8 6.9 11.0 16.4 9.3 100
3 13.2 12.3 11.5 15.0 7.1 7.4 21.8 11.7 100
4 14.2 9.9 8.5 13.2 6.1 11.3 24.8 11.9 100
5 13.2 8.6 8.2 13.2 6.4 12.2 25.3 13.0 100
Ave. Wt 
%

14.8 10.8 9.8 14.3 7.2 10.5 21.3 11.3 100

Std. Dev 2.6 1.5 1.5 1.1 1.4 1.8 4.0 1.4 0
R.S.D. 
(%)

17.5 14.1 14.7 7.6 18.9 17.5 18.6 12.5 0
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Figure 5.  Permeation volume versus time for all-purpose sand and eight particle size fractions of all-purpose sand.

Figure 6.  Permeation volume versus time for all-purpose sand and sand samples where eight different particle size frac-
tions (see legend) were selectively removed from all-purpose sand.

Table 4.  Water Permeation Times for Sand and Sand with Individual Particle Size Fractions Removed (data shown is the 
average of 2 separate tests).

Volume vs Time for Different Particle Size Ranges Removed from Sand
Volume 

(ml)
<4760u
>2380u

<2380u
>1700u

<1700u
>1190u

<1190u
>595u

<595u
>500u

<500u
>354u

<354u
>150u

< 150u Sand

20 7.22 5.83 6.31 6.35 8.72 6.50 7.47 3.48 6.88
40 18.46 11.76 14.03 13.70 17.47 12.46 15.11 7.18 14.33
60 29.63 18.28 20.28 21.84 23.31 24.07 23.23 11.32 25.55
80 42.02 24.72 26.88 29.55 33.67 34.08 31.73 16.05 39.31
100 51.71 31.35 33.31 34.73 43.78 54.36 40.74 21.39 56.46
120 65.29 38.44 41.53 41.45 52.93 68.19 50.40 27.05 70.61
140 78.59 46.90 49.23 49.57 61.02 82.88 61.28 33.92 80.48
160 96.01 54.75 57.78 55.95 67.98 92.70 72.68 42.20 98.54
180 116.65 62.38 67.76 65.18 77.83 113.85 83.46 51.08 115.93
200 134.76 72.42 75.76 74.13 88.39 130.44 94.96 60.25 133.46

where u= microns, time = minutes
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 Figure 7.  The impact of sand particle size of the pH of deionized water.

Table 5.  Impact of Sand Particle Size on Permeate Water pH.

Impact of Sand Particle Size Fraction on 
Water pH
The pH was measured on each 20 ml sam-
ple collected from the water permeation test 
shown in Figure 5 in order to determine if sand 
particle size has an impact on the efficiency 
of sand for treating the pH of deionized water.  
The pH data shown in Figure 7 and Table 5 
is the average of two independent permea-
tion tests on each sand sample.  As shown 
in Figure 7, all particle size fractions of sand, 
including all-purpose sand, raise the pH from 
an initial value of 6.25 at 20 ml of permeate to 
a final value of 6.8 after 200 ml of permeate 
water are collected.  Given that the repeatabil-

ity (1 standard deviation) of the pH test meth-
od is + 0.1 pH units, the data shown in Figure 
7 indicates that all sand particle size fractions 
have the same effect on the pH of permeate 
water (to 95% confidence interval).  This ob-
servation suggests that increasing permeation 
rate will increase water treatment efficiency 
(more water can be treated per unit of time) 
without reducing the pH treatment capacity of 
the sand.   
 The calcium ion (Ca 2+) concentration in all 
the permeate samples shown in Figure 5 were 
also measured using a calcium ion selective 
electrode in order to determine the effect of 
sand particle size on the alkalinity of filtered 

Impact of Particle Size (microns) on pH
Volume 

(ml)
<4760u
>2380u

<2380u
>1700u

<1700u
>1190u

<1190u
>595u

<595u
>500u

<500u
>354u

<354u
>150u

< 150u Sand

20 6.5 6.3 6.0 6.1 6.3 6.0 6.2 6.1 6.3
40 6.7 6.3 6.4 6.4 6.6 6.2 6.6 6.6 6.6
60 6.7 6.3 6.4 6.5 6.7 6.6 6.7 6.8 6.7
80 6.7 6.5 6.5 6.7 6.6 6.5 6.7 6.7 6.7

100 6.7 6.4 6.5 6.6 6.6 6.5 6.7 6.8 6.8
120 6.6 6.4 6.7 6.7 6.6 6.7 6.8 6.9 6.7
140 6.6 6.8 6.6 6.7 6.6 6.8 6.7 7.0 6.7
160 6.7 6.8 6.8 6.8 6.6 6.7 6.8 6.8 6.0
180 6.7 6.6 6.6 6.7 6.9 6.7 6.6 6.8 7.0
200 6.7 6.8 6.8 6.8 6.7 6.6 6.7 7.0 6.8
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Figure 8.  Calcium ion concentrations in water permeate samples collected from all-purpose sand and eight different particle 
size fractions of all-purpose sand.

Table 6.  Impact of Sand Particle Size on Permeate Alkalinity (mg Ca/L).

Figure 9.  Sand particle size versus calcium ion concentration in initial 20 ml permeate samples.

Impact of Particle Size (microns) on pH
Volume 

(ml)
<4760u
>2380u

<2380u
>1700u

<1700u
>1190u

<1190u
>595u

<595u
>500u

<500u
>354u

<354u
>150u

< 150u Sand

20 4.9 18.9 29 32.8 39 36.6 59.2 117.5 49
40 3.5 6 12.5 12.4 13 27.8 29 30.4 32
60 2.6 5 9.4 5.9 8.3 3 10.2 10.5 14
80 1.7 3 6.1 4.5 5.5 1.8 7.7 8.4 7.8

100 1.4 3.8 6 3.4 4.9 1.7 6.1 8.1 6.1
120 1.5 2.5 5.6 2.9 5.5 1.8 5.4 8.2 4.2
140 1.4 1.7 6 3.2 6.5 2 5 4.9 4.4
160 1.3 1.8 2.9 2.9 6.1 1.9 4.4 8.4 3.1
180 1.4 2.3 4.8 2.6 3.7 1.7 4.4 8.2 1.3
200 1.3 1.9 4.5 2.4 3.9 1.9 4.3 8.1 1.8
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water.  The calcium ion concentration data, 
shown in Figure 8 and Table 6, is highest for 
the initial 20 ml permeate sample collected 
from all-purpose sand, as well as all eight of 
the sand particle size fractions used to filter 
deionized water.  The calcium ion concentra-
tion falls off rapidly with increased permeate 
volumes for all sand particle size fractions 
tested in this study. 
It is interesting to note that the initial calcium 
ion concentrations observed in Figure 8 are 
correlated to the particle size of the sand.  For 
example, the <150 micron particle size sand 
showed the highest initial calcium concentra-
tion, while the <4760 >2380 micron fraction 
showed the lowest initial calcium concen-
tration.  This relationship between initial 
dissolved calcium concentration and sand 
particle size can be described by a logarithmic 
equation, as shown in Figure 9, with a cor-
relation coefficient of 0.86. The relationship 
observed between initial permeate calcium 
concentration and sand particle size supports 
several observations, as listed below:
1. The smallest sand particle size fraction 

releases the most dissolved calcium in the 
initial 20ml permeate sample.

2. The concentration of dissolved calcium 
concentration in the initial 20 ml permeate 
sample is inversely correlated to the loga-
rithm of the sand particle size fraction used 
the filter the water.

3. Dissolved calcium concentration is great-
est for the initial 20 ml permeate sample 
and falls off rapidly in successive permeate 
samples from all sand particle sizes.

The relationship between sand particle size, 
permeate volume and dissolved calcium 
concentration support a hypothesis where the 
dissolved calcium comes from dissolution of 
superfine particles and soluble calcium com-
pounds (i.e CaCO3) on the surface of the sand 
particles.  In both cases, the soluble calcium 
would be greatest for the finest particle size 
fraction of sand, and would decrease with 
“washing” by increased volumes of deionized 
water, as shown in Figure 8.

Conclusions

Measurements of permeation time, water pH 
and dissolved calcium ion were used to eval-
uate and compare the performance of all-pur-
pose sand, particle size fractions of all-pur-
pose sand and sand with specific particle size 
fractions selectively removed.  The results of 
this study support a number of observations, 
as listed:
• Sand is composed of a wide range of particle 
sizes.
• Sand filtration buffers water pH to 6.8+0.2 
regardless of sand particle size.
• Sand particle size composition has a signifi-
cant impact on water filtration rate.
• Sand particle size impacts the Ca2+ concen-
tration in initial permeate water:
• The finest sand particle size releases the 
highest initial Ca2+ concentration (logarithmic 
relationship)
• After the initial 40-80 ml permeate volume, 
the impact of particle size on Ca2+ concentra-
tion is greatly reduced.
• The initial 20-40 ml permeate samples ap-
peared cloudy.
• These observations suggest that ultrafine 
material is washed from the sand column with 
initial volumes of permeation water.
• Removing the -150 micron particle size frac-
tion from sand (11.3 wt %) increases the water 
filtration rate by 55%, while allowing the same 
overall pH buffering performance.
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