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Implementation of QA/QC program in research related to the membrane
processes used in geothermal water treatment
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ABSTRACT

Testing physicochemical parameters of water with sufficient certainty and reliability requires always
the implementation of quality assurance/quality control (QA/QC) systems in the laboratory practice.
The paper presents the results of QA/QC program realized during nanofiltration (NF) process. The
analyses of geothermal water (raw water), permeate and retentate in normal and control (duplicate)
samples were conducted by the accredited hydrogeochemical laboratory. All samples were collected
by a single sampler using the same sampling protocol and delivered to the laboratory within a short
time (several hours). The samples were analysed by qualified analysts, using analytical methods
that were validated for these purposes. A detailed analysis of test results is shown for one selected
indicator — boron. The concentration of boron in samples of the permeate and the concentrate has
not been particularly changed upon NF process. Therefore it was really important and necessary to
estimate uncertainty of measurements for the results of such tests. On the basis of the data collected,
the precision and uncertainty of determinations of this indicator were estimated in the context of the
assessment of the quality of raw water, permeate and retentate. Relative measurement uncertainty of
boron does not exceed 5%.
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1. Introduction

Nanofiltration (NF) is considered to be the most prom-
ising technique use for the production of high quality water
from surface and brackish water. There are many examples
of its use in practice [1-4]. Due to these properties, NF is
considered a suitable pre-treatment process for desalination
of waters with a high degree of hardness and a high con-
centration of sulphates and carbonates [5-10]. However, it
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was reported influence of biofouling of NF membrane on
the performance of the membrane during boron removing
from synthetic wastewater effluent [11].

Borates are widely found in nature, and they are present
in oceans, sedimentary rocks, soil, coal and shale. Naturally
occurring boron is found in groundwater, primarily as a
result of leaching from rocks and soils that contain borates
and borosilicates. Boron is found in surface water and
groundwater in various locations around the world, includ-
ing sea and river water, where it occurs mainly in the form
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of boric acid [11-13]. Geothermal waters are often character-
ised by high levels of boron (ranging from a few to around
a dozen mg/L) [14-17].

During our research, NF process with NF-270 mem-
brane has been tested as a pre-treatment process in geo-
thermal water treatment conducted on a laboratory scale.
The NF process has been analysed in order to decrease the
number of divalent ions, especially for the softening feed
water directed into the proper treatment in RO process.
More details of the results of geothermal water pre-treat-
ment during nanofiltration with NF-270 membrane tests
can be found in [18].

For the analysis results obtained to be adequately reli-
able, it is necessary to implement an appropriate QA /QC
program enabling the ongoing control of the tested indica-
tors. In literature, numerous publications and guides can be
found that deal with estimating measurement uncertainty,
with particular emphasis on the sampling process as one of
its main sources [19-66].

It is estimated that around 30% of errors are introduced
in the process of sampling and transporting samples to the
laboratory, another 60% are connected with the sample
treatment process and the preparation of samples for anal-
ysis, and 10% of errors are associated with the analytical
measurement itself [21].

The simplest method of estimating uncertainty, that
also probably requires the least financial expenditure, is the
duplicate sample method. This can be implemented using
a balanced design or its simplified version [19,49]. Repli-
cate samples are collected in parallel with normal samples,
using the same sampling procedure and a single sampler.
They are subsequently analysed in the same laboratory,
using the same analytical methods and by the same ana-
lyst. This makes it possible to minimize sampling and anal-
ysis bias (systematic errors), which are not covered by this
method for estimating uncertainty [30,49].

a) Target

2. Materials and methods

In 2015, during the nanofiltration processes conducted
using the NF-270 commercial membrane produced by Dow
Filmtec with a cut-off of 200 Da, replicate (duplicate) sam-
ples were collected [18]. Filtration was performed under a
transmembrane pressure in the range of 10 bar with cross-
flow filtration. Tests were conducted for two different types
of geothermal water with elevated mineralisation levels
(TDS of 2.2-2.3 g/L), more than 600 mg CaCO,/L and high
silica concentrations.

Replicate samples of raw water, permeate and retentate
were collected and analysed according to an extended bal-
anced design — each normal (N) and replicate (D) samples
were analysed twice (N1, N2, D1, D2) - Fig. 1a.

All samples were cooled and sent to the accredited
Hydrogeochemical Laboratory of the Hydrogeology and
Engineering Geology Department of the AGH University of
Science and Technology in Krakéw (PCA certificate No. AB
1050) within less than 24 h. Boron concentrations in the sam-
ples were analysed using the ICP-OES (inductively coupled
plasma optical emission spectrometry) method [12].

On the basis of the results obtained, the precision of the
determination of boron by the ICP-OES method in test sam-
ples was evaluated and the uncertainty associated with the
sampling and analytical processes was estimated.

In water quality monitoring (including geothermal
water), the total variability of the parameters monitored
(6%, is derived from three main sources (Fig. 1) [23-25]:

e the spatial and/or temporal natural variability of the
indicator (geochemical variance, between target vari-
ance) — ngmhmm;

¢ the errors that occur during sampling, sample transport
and storage (sampling variance) — GZWW ;

¢ analytical errors (analytical variance) — &

analytical”

geochemical variance
(between target)

—

N1 N2

Target

D sampling variance

]

D1 D2

analytical variance

geochemical variance
(between target)

N1

measurement variance
(sampling + analytical)

D1

Fig. 1. Scheme a) extended; b) simplified for sampling replicate control samples and estimating individual types of variance.



E. Kmiecik et al. / Desalination and Water Treatment 73 (2017) 339-347 341

2 2 2 2 2 2

total — geochemical + sampling +0 analytical =0 geochemical measurement ( )

Measurement (technical) variance is the sum of sam-
pling and analytical variances.

This variability can be estimated based on the results of
determinations for duplicate samples using variance esti-
mators:

2 —q2 2 2 — Q2 2
total — s geochemical sampling +5 analytical — ° geochemical + measurement ( )

We can use these statistics to estimate standard uncer-
tainties u:

ugcochﬁmicul = Sgeochemical (3)
usampling = ssnmpling (4)
uanﬂlytiual = Sanulytical (5)

measurement = Smwzsuremen[ (6)

To calculate expanded uncertainty (U) at a confidence
level of e.g. 95%, we multiply the standard uncertainty
value by the k coverage factor of 2, U = 2u:

geochemical 25 geochemical @)
sampling Z'Ssampung (8
analytical 25 analytical ©)
U, swroment = 2°S (10)

Relative uncertainties (U’) with respect to the aver-
age value of the indicator analysed in normal and dupli-
cate samples (X) are calculated using the following
formulas:

U geochemica _ Byt [%] (11)
U’ g =@100 [%] (12)
W i = %100 [%] 13)
O — —259_5 100 [%] (14)

Estimates of uncertainty, according to the above formu-
las, can be obtained automatically in the ROBAN program!
using the results of analyses of duplicate (replicate) sam-

! www.rsc.org/Membership /Networking / InterestGroups / Analyti-
cal/AMC/Software/ROBAN.asp

ples. ROBAN accompanies AMC Technical Briefs No 40
“The Duplicate Method for the estimation of measurement
uncertainty arising from sampling” [44].

The program presents in graphical form independent
estimates of three components of total variance and their
percentage shares. The estimate is based on the classical
variance analysis (classical ANOVA) method and the robust
ANOVA method, which uses a flexible statistical approach
that allows for the presence of up to 10% of outliers in the
data set analysed. For estimates using the robust method,
the program also calculates standard uncertainty (standard
deviation) u and extended relative uncertainty U" associ-
ated with these components.

The analysis of variance makes it possible to gain
insights of total uncertainty structure. Fig. 2 shows the
boundary values of relative shares of total uncertainty
components resulting from measurements (sampling and
analysis) and from the analysis itself (after [23]). If rela-
tive shares of total variance obtained through the dupli-
cate sample method are higher than the boundary values
shown in Fig. 2, appropriate action should be taken to
reduce them.

The introduction of a QA /QC program in relation to
duplicate samples in accordance to the extended anal-
ysis program is a costly undertaking. However, the use
of a simplified program (Fig. 1b) where the normal and
duplicate samples are analysed only once, provides no
information about sampling and analytical uncertainty
because only data on measurement uncertainty, which
is the sum of these two components, are obtained [23].
The solution is to apply the unbalanced design and use
e.g. the U-RANOVA program for estimating uncertainty
[45,65,60].

U-RANOVA is an easy-to-use Excel application to assist
in estimation of uncertainty by the duplicate method, which
is fully described in the Eurachem guides [49-51].

U-RANOVA differs from previous methods in that it
permits an unbalanced experimental design to be used. It
enables estimates of the three variances described above to
be made with fewer duplicated analyses, thus saving money
on the chemical analysis. In this approach, the results of two
measurements conducted for a normal sample and of one
for the replicate sample are used. In this way, it is possible
to reduce the number of tests performed.

In order for the uncertainty values obtained to be reli-
able, analysis results for at least 8 pairs of samples need to
be used in calculations [49,51].

maximum analytical variance
(4% of total variance)

maximum measurement variance
(sampling + analytical) y
(20% of total variance)

geochemical variance
(between targets)
(not less than 80% of total variance)

Fig. 2. Maximum permissible relative shares of sampling vari-
ance and analytical variance in total variance [23].
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3. Results

The evaluation of precision and the estimation of the
uncertainty (total, geochemical, measurement = sampling
+ analytical) for boron determination was conducted for
three groups of samples: raw water, permeate and retentate
obtained during the nanofiltration process. The measure-
ment results obtained are summarised in Table 1.

Differences between boron concentrations in dupli-
cate samples were marked on individual measurements
control charts according to the ISO 5667-14 standard [53]
(Fig. 3).

Each point plotted on the chart represents an individual
measurement, difference of results or a summary statistic.
The green/solid line is the centre line (CL) or the average of
the data (bar-x). The two red dashed lines are the upper and
lower control limits (UCL and LCL, +3 standard deviations
(3s) of the mean).

When an analytical process is within control, approx-
imately 68% of all values fall within +1 standard devi-

Table 1
Boron concentration measurement results in normal (N) and
duplicate (D) samples

Date Boron concentration [mg/L]

N1 N2 D1 D2 Difference

N1-D1

Raw water
2015-09-03 9.22 922 889 873 0.33
2015-09-07 8.70 806 8.69 857 0.01
2015-09-08 8.71 872 882 853 -0.11
2015-09-09 9.03 9.31 9.02 928 0.01
2015-09-11 7.89 7.89 7.87 7.87 0.02
2015-09-16 7.85 8.11 8.00 813 -0.15
2015-09-18 771 796 7.86 8.03 -0.15
2015-09-21 7.31 7.31 7.38 7.38 -0.07
Permeate
2015-09-03 9.29 894 937 912 -0.08
2015-09-07 8.26 837 839 837 -013
2015-09-08 8.53 8.49 854 852 -0.01
2015-09-09 8.77 865 882 883 -0.05
2015-09-11 710 7.24 715 723 -0.05
2015-09-16 7.78 7.89 7.83 8.00 -0.05
2015-09-18 741 743 7.35 7.62 0.06
2015-09-21 7.01 7.20 7.05 7.26 -0.04
Retentate
2015-09-03 9.76 9.50 987 9.36 -0.11
2015-09-07 8.96 828 896 8.84 0.00
2015-09-08 8.98 899  9.04 8.82 -0.06
2015-09-09 9.31 956 939  9.63 -0.08
2015-09-11 8.02 8.06 800 816 0.02
2015-09-16 8.12 8.01 8.17 8.08 -0.05
2015-09-18 773 7.88 7.75 799 -0.02
2015-09-21 721 7.51 7.30 746 -0.09

ation (1s) from the central line. Likewise, 95.5% of all
values fall within +2 standard deviations (2s) of the
mean. About 4.5% of all data will be outside the +2s
limits when the analytical process is in control. Approx-
imately 99.7% of all values are found to be within +3
standard deviations (3s) of the mean. As only 0.3%, or
3 out of 1000 points, will fall outside the +3s limits, any
value outside of +3s is considered to be associated with
a significant error.

No point or sequential signals were identified on the
charts (Fig. 3) and therefore differences between the results
should be regarded as stable.

a)

0.2

0.0

-0.21

Boron. Raw water. Difference N-D [mg/L]

-0.4

b)

0.2+

0.1
0.0+

-0.24

Boron. Permeate. Difference N-D [mg/L]

2015-09-03—
2015-08-07-
2015-09-07-
2015-03-05+
2015-09-11-
2015-09-16+
2015-09-18
2015-09-21—

<

[ e

ol /S

Boron. Retentate. Difference N-D [mg/L]

2015-09-03—
2015-09-07-
2015-09-08—
2015-09-05—
2015-09-11—
2015-09-16—
2015-09-18—
2015-09-21—

Fig. 3. Individual measurement control charts for concentration
differences in normal and duplicate samples — a) raw water, b)
permeate, c) retentate.
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The estimation of uncertainty was conducted using
the ROBAN and U-RANOVA programs using robust
ANOVA method. The relative shares of geochemical
(between targets), analytical and sampling variances are
shown in Fig. 4.

The results obtained indicate that the primary source of
variation in the concentrations analysed is the natural vari-
ability in the chemical composition of the water examined
(due to heterogeneity of the objects — two kinds of geother-
mal waters). A sampling variance of zero points to a prop-
erly conducted sampling process and the small share of
analytical variance in total variance (3—4%) is evidence of
properly conducted analysis. In this case analytical variance
is equal measurement variance.

ROBAN
a) 4.14%
0.00%
b) 2.27%
0.00%

c) 3.59%

0.00%

B between tagets, @ sampling, ™ analytical

The variance percentages determined in the ROBAN
program using the extended scheme were compared with
the results from the U-RANOVA program, where only a
single analysis result was used for the duplicate sample.
Also in this case the variances associated with sampling are
equal to zero for all three types of solutions tested. In total
variance, geochemical/natural (between target) variability
dominates (96.5-98.5%), while analytical variance does not
exceed 5%.

The standard, extended and relative uncertainty values
were also determined (Table 2).

The uncertainty values determined using extended
design sampling are similar for all three types of samples
analysed — raw water, permeate and retentate. Relative

U-RANOVA
4.71%

3.23%

3.47%

Fig. 4. Percentage variances for: a) raw water, b) permeate, c) retentate obtained using the ROBAN and U-RANOVA program.



344 E. Kmiecik et al. / Desalination and Water Treatment 73 (2017) 339-347

Table 2

Boron determination standard (1), expanded (U) and relative
(UI') uncertainty values calculated on the basis of duplicate
sample analysis results. Coverage factor k = 2 was assumed for a
confidence interval of 95% — extended (ROBAN) or unbalanced
design (U-RANOVA)

Parameter Value
Extended Unbalanced
design design
Raw water
Mean value [mg/L] 8.31 8.31
Total tolal [mg/L] 0.727 0.746
uncertainty - [mg/L] 145 1.49
', . [%] 17.50 1795
Geochemical Uy ochemical [mg/L] 0.711 0.729
uncertainty cochemican [M8/L] 142 146
U ocnemical [70] 1711 17.55
Analytical maly e IMg/L] 0.148 0.162
uncertainty mlym [mg/L] 030 0.32
WU iytical [%] 3.55 3.89
Sampling Uy piing M8/ L] 0 0
uncertainty usamphng [mg/L] 0 0
U g %] 0 0
Permeate
Mean value [mg/L] 8.343 8.037
Total mtal [mg/L] 0.935 0.902
uncertainty 7 [mg/L] 1.87 1.804
', .. [%] 2241 22.45
Geochemical Uy oehemical [mg/L] 0925 0.895
uncertainty seochemica IME/L] 1.85 1.79
U yeocnemical [70] 22.17 22.27
Analytical umaly e IMg/L] 0.141 0.11
uncertainty mlml [mg/L] 0282 0.21
U’ gticar [70] 3.38 247
Sampling Uy pting M8/ L] 0 0
uncertainty usamphng [mg/1] 0 0
W pling [%] 0 0
Retentate
Mean value [mg/L] 8.522 8.515
Total ml [mg/L] 093 0.963
uncertainty mm [mg/L] 1.86 1.926
.. 1%] 21.83 22.62
Geochemical U ochemical [mg/L] 0913 0.947
uncertainty 7 - [mg/L] 1826 1.894
U, cnemen [%] 2143 2224
Analytical amlyml [mg/L] 0.176 0.18
uncertainty U,y [Mg/L] 0352 0.36
W, aiyicar [70] 413 423
Sampling ;amphng [mg/L] 0 0
uncertainty U oing [mg/1] 0 0
W' piing [%] 0 0

total uncertainty is the lowest for raw water (17.5%) and
the highest for the permeate (22.4%). Analytical uncer-
tainty (which in this case is measurement uncertainty
because sampling uncertainty equals zero) ranges from
3.4 t0 4.1%.

Also in the unbalanced design with a single duplicate
sample analysis relative total uncertainty ranges from 20.2
to 22.6% and relative analytical uncertainty (measurement
uncertainty) does not exceed 4.23%.

The boron measurement uncertainty estimated by the
laboratory stands at about 20%. It is higher than these esti-
mated on the basis of analyses for duplicate samples.

When uncertainty estimates are based on duplicate
control samples, systematic factors are not accounted
for (they were minimized — one sampler, one procedure,
one laboratory, one method, one analyst etc.). Laboratory
in uncertainty estimating process also took into account
the systematic factors resulting e.g. from reproducibil-
ity conditions (changing the sampler, changing the ana-
lyst etc.).

In Fig. 5 the results of boron determination in normal
samples with estimated on the basis of replicate samples
expanded uncertainty intervals are presented.

They show measurement uncertainty as a range around
the measured value that should encompass the ‘true value’
of the measure and with known probability (95%).

The differences between single results of boron concen-
tration in three types of analysed samples are small. When
we take into account the measurement uncertainty ranges,
we can see that the ‘true’ levels of boron concentration in
those samples could be different.

Measurement uncertainty needs to be estimated since
it is an intrinsic part of the measurement result. Its value
allows an objective and independent interpretation of the
measurement result and can be used to check quality and
prove the adequacy of the measurement for its intended
use. It does not imply doubt about the validity of a mea-
surement, on the contrary, knowledge of the uncertainty

9.0-| ™= Single result (measured value)
E ] Expanded uncertainty of the result (k = 2, 95%) —
8.8
=
B 8.6 - T
é .
p (=]
o
S
oo 8.4
[ |
|
8.2 .
8.0 -
I I T
raw water permeate retentate

Fig. 5. Single results of boron determination in normal sam-
ples (2015-09-03) with expanded measurement uncertainty
intervals.
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implies increased confidence in the validity of a measure-
ment result [67,68].

So the knowledge about measurement uncertainty is
really important especially when we assess effectiveness of
membrane processes [69].

4. Conclusions

Obtaining sufficiently certain and reliable measure-
ments of physicochemical parameters of water entails the
need for the laboratory to implement a quality assurance/
quality control (QA/QC) system.

The results of the quality control/quality assurance pro-
cess implemented indicate that the geothermal water treat-
ment process is a stable one. For all three solutions analysed
(raw water, permeate and retentate), individual measure-
ment control charts do not exhibit any point or sequential
signals for the differences between the results obtained
for the normal and duplicate samples. Moreover, the sam-
pling variances determined for the extended design using
the ROBAN program and the unbalanced design using
the U-RANOVA program are equal to zero in both cases.
In total variance, the component resulting from the natural
variability of the solutions tested dominates and analytical
variance is no higher than 5%. Thus the number of con-
trol samples can be reduced, which will make it possible
to reduce analysis cost, and the unbalanced design can be
used, in which a normal sample is analysed twice and the
duplicate sample only once.

The uncertainty values determined are similar for all
three types of solutions. Relative total uncertainty deter-
mined on the basis of the extended design is the lowest for
raw water (17.4%) and the highest for the permeate (22.4%).
Analytical uncertainty (which is in this case measurement
uncertainty) ranges from 3.4 to 4.1%. Similar results were
obtained using the unbalanced design with a single analy-
sis for duplicate samples. Relative total uncertainty ranges
from 20.2 to 22.6% and relative analytical uncertainty does
not exceed 4.23%.
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