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1 Introduction

Cup of Carbon: smartphone-based analysis of
dissolved organic carbon in water for use in citizen
science

Michael R. Muir, 2 *@ Adrian M. Bass,
Lewis Robertson® and Emily Taylor®

® Kenny Galt, Kerry Morrison,®

Dissolved organic carbon (DOC) is an important component of the global carbon cycle which influences
water properties such as colour and acidity. Standard methods for quantification of DOC use instruments
such as Total Organic Carbon (TOC) analysers, UV/Vis spectrometers, or portable colorimeters. However,
the need for specialist equipment may be a barrier to the accessibility of DOC measurement in resource
limited settings. The “Cup of Carbon” method is presented as a low-cost and accessible method for the
estimation of the DOC concentration of water by digital image colorimetry, using only a mug with a white
interior, a laminated piece of white paper, and a smartphone digital camera. The blue pixel intensity of
RGB data from digital images of water samples in mugs was used to estimate DOC concentration of
water samples, and a novel white-subtraction image processing step improved the accuracy of the
measurement, although also causing a decrease in measurement precision. A free R Shiny computer app
was created for the fast estimation of DOC concentration from Cup of Carbon images. The Cup of
Carbon method enabled good estimates of the DOC concentration of water samples from around the
Silver Flowe peatland in Galloway, Southwest Scotland, from images taken by multiple users with different
smartphones. Estimated DOC concentrations were within 8.2 + 26.2% (-0.24 + 2.07 mg L™ of the DOC
concentration measured by UV/Vis spectroscopy. The simplicity and low-cost of the Cup of Carbon
method make it ideally suited for the estimation of water DOC concentration in citizen science, outreach,
or education settings.

in waters,” and influences water pH.> Peatland habitats, which
are well known for their ability to sequester carbon for long

Dissolved Organic Carbon (DOC) plays a vital role in the
cycling of carbon on local and global scales.! The term “DOC”
describes the carbon atoms which form part of Dissolved
Organic Matter (DOM), a complex mixture of the soluble
organic degradation products of biological matter. DOM is
formed of organic molecules with highly variable composition,
size and functional groups which play a vital role in many
chemical, biological and physical processes in fresh waters.>
DOC facilitates the transport of carbon from terrestrial to
aquatic environments,’ is a substrate for microbial respiration
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time periods,® are particularly vulnerable to increased loss of
carbon as DOC due to human activities such as forestry, agri-
culture, and wind farm construction,” " as well as processes
driven by anthropogenic climate change.'” Local water quality
can be significantly impacted by increased addition of DOC
from peatlands, as inputs of DOC decrease pH and limit light
penetration to lower depths. These impacts can in turn affect
the suitability of watercourses as a habitat for species of
plants, invertebrates and vertebrates."*> ' In addition, DOC in
water creates a major challenge for water companies in the UK
and globally because of the dark colour given to the water by
high DOC concentrations, which, despite not being harmful,
is unpopular with consumers. As ~70% of water in the UK
comes from upland areas where organic-rich peaty soils domi-
nate,"” the removal of colour forming DOC components from
drinking water poses a major challenge to water
companies.'>'®'® Monitoring the DOC concentration of water
is therefore vital in many settings, such as understanding the
impact of human actions on the loss of carbon from peatlands
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in the form of DOC, investigating the impact of weather con-
ditions on DOC concentration, and monitoring the quality of
drinking water from peat-rich areas.

The standard method of quantifying DOC in water involves
direct analysis of carbon using a Total Organic Carbon (TOC)
analyser. These instruments oxidise the organic components
of DOC, usually with chemical (e.g. with persulphate) or high
temperature oxidation methods, and then measure the con-
centration of gaseous CO, generated by IR absorption.>
Alternatively, the light absorbing properties of water at UV or
visible wavelengths can be analysed as a proxy for DOC, as the
absorbance properties of water have been demonstrated to be
directly correlated to DOC concentration.**> While the absor-
bance methods are generally cheaper and more accessible
than the direct DOC analysis methods, both techniques
require access to specialist instrumentation and laboratory
analysis. Field measurements of DOC can be made using por-
table spectrophotometers or colorimeters, which are lower cost
forms of these instruments.

The widespread availability of high-quality digital cameras
in smartphones has created an opportunity to create low-cost
and broadly accessible analytical methods which use the
digital camera of a smartphone to replace costly or specialist
sensors in colorimetric analysis. These techniques, sometimes
referred to as digital image colorimetry>** are Digital Image
Analysis (DIA) methods suitable for enhancing analytical capa-
bility in resource-limited settings*>*® and have been applied to
the analysis of nutrients in water and soils,>”*® soil salinity,**
potentially toxic elements (PTEs) such as Hg in water,>® as well
as in medical,® and citizen science settings.?' Citizen science
has been identified as a valuable tool in environmental
science and water quality research which can enable projects
to have a wide geographical distribution, increase levels of
engagement with members of the public and policymakers,
and generate large datasets.’>*® Low-cost citizen science
methods also provide an opportunity to collect data with good
temporal and spatial resolution which is useful in peatlands
where there can be variable water quality over short distances
and timescales.'® The benefits of citizen science, and the
potential for smartphone-based analysis for quantification of
DOC in water, has been recognised previously. Examples of the
use of smartphones as analytical instruments in DOC analysis
include their use to measure colour and reflectance of surface
and coastal waters in situ.>*® However, these methods have
limitations, such as only being able to analyse deep water due
to image interference from the underlying bed of shallow
waters,***> or requiring specialist hardware or adaptations to
the smartphone.’®® The currently reported methods are
either not applicable to peatland areas, as the depth of upland
streams around peatlands are often too shallow for the
methods to succeed, or have limited applicability for citizen
science applications due to the hardware adaptations required.
To address these limitations, a novel method: “Cup of Carbon”
is presented in which an ordinary ceramic mug with a white
interior is used for photographing water samples to help stan-
dardize digital images, remove the water depth requirement
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and enable the method to have broad applicability for citizen
science applications. The method has been applied to the ana-
lysis of organic-rich waters in an area of blanket peat in
Southwest Scotland and has the potential to be used for
citizen science applications to monitor DOC in surface water
and tap water. The aims of this project were: (1) to develop the
novel Cup of Carbon method and demonstrate its effectiveness
for quantifying DOC in water samples, and (2) to implement
the Cup of Carbon method to estimate DOC in freshwater
from a water catchment with peaty soils using data collected
by citizen scientists.

2 Materials and methods
2.1 Method development and proof of concept

The relationship between DOC concentration and digital
image red, green and blue (RGB) pixel intensity was first inves-
tigated by preparation of a set of 33 solutions of increasing
DOC concentration. A solution with a significant dark brown
colour was prepared by extracting DOC from soil using deio-
nised water in a 1:20 (w/v) ratio. Three replicates of ~10 g of
field-wet garden soil were weighed into conical flasks and
200 ml of deionised water added. The flasks were stirred with
a magnetic stirrer for 2 hours, after which the solutions were
allowed to settle for 30 minutes and were subsequently filtered
under vacuum using Buchner apparatus and filter papers (no.
1, Whatman). The strongly coloured soil DOC extracts were
combined and used as a concentrated stock solution for
further analysis. To create solutions of increasing DOC concen-
tration, a ceramic mug with a volume of ~300 ml, depth of
~8.5 cm and a white interior, was filled to near the brim with
colourless deionised water (volume ~300 ml, depth ~8.5 cm).
Repeated additions of 10 ml of the highly coloured DOC stock
solution were made, incrementally increasing the colour and
DOC concentration of the water in the cup. Photographs were
taken with a mid-range smartphone (Samsung Galaxy A20E)
after each addition. Samples were also collected from the mug
after each addition for analysis by UV/Vis spectroscopy, and a
further addition of 10 ml of DOC stock solution was made,
incrementally increasing the DOC concentration of the test
water sample. A set of 11 additions were made and the pro-
cedure was repeated 3 times, leading to 33 digital image and
UV/Vis data points with varying DOC concentration. Pictures
were taken outdoors in daylight but not in direct sunlight, to
try and ensure reproducible lighting conditions between the
samples.

2.2 Cup of Carbon measurement procedure

Following the proof of concept testing, the Cup of Carbon
measurement procedure was developed for use in the field by
citizen scientists. The procedure for collection of Cup of
Carbon data was designed to be as simple as possible, requir-
ing only a straight sided, cylindrical ceramic mug with a white
interior, volume of ~300 ml, and internal height of 8-9 cm
(mean internal height of 13 randomly selected mugs fitting
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the method description = 8.7 + 0.25 c¢cm). The mugs were
rinsed several times with sample water, then filled as close to
the brim as possible with water sample (~8.5 cm depth) and
placed on a laminated white piece of white paper to be the
image background. No filtration step was used before analysis
as DOC is known to be the dominant component influencing
the brown colour of waters in upland catchments with peaty
soil type,®**° and the water samples were seen to be transpar-
ent with low turbidity (see SI 3). Digital photographs of the
mug were then collected from a height of around 40-80 cm
above the mug using a smartphone digital camera. The height
of the camera above the mug was not fixed, but was far
enough away to allow the full piece of paper under the mug to
be framed within the image. The images were taken in daylight
but not in full sunlight, with the whole image area in shade
(under cloud or shaded by a large object) to minimise reflec-
tions and glare from the sun on the water surface and on the
laminated white paper background. An example of the image
collection procedure and cup image are shown in Fig. 1.

2.3 Analysis of field samples using the “Cup of Carbon”
method

Samples were collected from around the Silver Flowe peatland
in Galloway, SW Scotland. Two visits were made to the site, in
March and August 2023, as part of an ongoing water monitor-
ing project, “Peatland Connections”.*" The Cup of Carbon ana-
lysis was conducted as part of a science outreach activity with
members of the public and peatland and fisheries pro-
fessionals from the Crichton Carbon Centre and Galloway
Fisheries Trust. The Silver Flowe, which covers an area of
~620 hectares, is one of the least disturbed areas of deep peat
in Southwest Scotland and is registered as a Site of Special
Scientific Interest (SSSI).*> However, areas nearby the protected
site have been impacted by historic activities such as drainage,
peat cutting and forestry and, during the site visits in 2023,

White paper
L --- background
image region

Water sample
image region

Fig. 1 a. Example showing how the images of cups containing water
samples were collected in the field. b. Example image of cup containing
water sample showing the water sample and white paper background
image regions.
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there was evidence of disturbance to the peat soils nearby
from forestry clear-felling activity. Water samples were col-
lected from 16 small streams and drainage ditches flowing
into and out of the peatland area (Fig. 2). A total of eight par-
ticipants took part in the Cup of Carbon analysis, including
the lead researcher, 4 industry professionals and 3 citizen
scientists (5 people were present on each trip, 2 of whom took
part in both trips.). Digital photographs of the sample-filled
mugs were taken by each participant using their own smart-
phone using default image acquisition settings. Four different
mugs were used during the data collection. A total of 118 Cup
of Carbon images were taken by 5 smartphones from 16
sample points in March and 5 smartphones from 11 sample
points in August (not all participants took a picture of every
sample, while multiple replicates were measured at some
sample points). After returning from the field, the digital
images were collected and analysed (section 2.3). Additional
water samples from each sampling point were also collected in
50 ml centrifuge tubes and returned to the lab for further
analysis.

2.4 Digital image analysis

To analyse the image data, an R*? shiny app: “Cup of Carbon -
estimation of Dissolved Organic Carbon (DOC) from images”,
was developed using RStudio** using the shiny,*® shinyfiles,*°
and imager®” R packages. The desktop app enables a user to
select a folder containing Cup of Carbon images, click the
“water” (centre of cup) and “paper” (white paper background)
regions of the image, and then extracts the average RGB values
for the selected region based on a square with a defined pixel

@ Sample points
B Loch Dee
—— Watercourses
[ sample site 1 catchment

Hill summits
[ Silver Flowe Peatland
[ Forestry
- - - Forestry tracks
0 750 1,500 m
| |

Figure contains spatial data from Openstreetmap (2025) and Ordnance Survey (2025)

Fig. 2 Map showing the location of sample points.
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area (e.g. 200 by 200 pixels) (Fig. 1b). The relatively large image
sampling area means that variations in image colour, such as
the shadow in the water sample region of Fig. 1b, are averaged
so that small inconsistencies in image quality don’t negatively
impact the analysis. The RGB values for the “water” and
“paper” regions are stored in a table which can be exported,
along with the estimated DOC concentration, which is calcu-
lated based on the calibration method discussed below, using
the “white subtracted” (B,,) image processing method (section
2.4.1). A screenshot of the app is shown in SI Fig. S1, and the
app, code and example images are available with the SI.

2.4.1 Image processing. In addition to using raw, unpro-
cessed image RGB data, two image processing methods were
tested in an attempt to reduce artefacts in the data from vari-
able lighting conditions or differences between smartphone
camera sensors. Both of the image processing methods tested
required gathering the RGB intensity from a section of image
which contained the water sample in the cup, and a second
image section which contained the white laminated paper
background (Fig. 1b). A perfectly white section of the image
theoretically would have RGB = [255, 255, 255], however in
practice the white paper areas of the sample images were
always slightly off-white, due to variations in image quality,
and the RGB values of the white paper background varied
from ~175-245. This was mainly due to variations in the
brightness of the collected images due to variable daylight
conditions and varying sensitivity of the cameras of different
smartphones. The first image processing method tested was a
white balancing (WB) method in which the expected RGB
values for a fully white section of image (RGB = [255, 255, 255])
are divided by the measured RGB values of the white paper
background to generate a correction factor which is then mul-
tiplied by the RGB value of the sample section of the same
image.*®*® A second novel image processing procedure was
also developed, based on the assumption that any variation in
the RGB colour of the white background would be consistent
across the whole image. To correct the images, the measured
white paper R, G and B values were subtracted from 255 to
generate a correction factor for the R, G and B data for each
image. The correction factor was then added to the R, G and B
data from the analysis of the water sample in the cup. For
example, if the white paper background of an image collected
had RGB = [196, 207, 231], a correction factor would be gener-
ated from these values by subtracting each from 255, to give
correction factors of 59, 48 and 24, for R, G and B, respectively.
If the sample data measured for the same image had RGB =
[117, 100, 72], then the appropriate correction factor would be
added to each number, to give a corrected RGB value = [176,
148, 96]. This processing method, referred to as the white sub-
traction (WS) method, corrects the collected sample data for
variations to do with the brightness or darkness of the image
due to variable lighting conditions or the performance of
different camera sensors. Therefore, a total of three DIA
methods were applied to each calibration and sample image:
Uncorrected (U), White Balanced (WB), and White Subtracted
(WS). The accuracy and precision of results using each of the
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three DIA methods was investigated to identify which per-
formed best for the estimation of DOC in water samples.

2.4.2 Calibration. A series of calibration standards was pre-
pared by serial dilution of a high DOC concentration water
sample collected in the field in August 2023. 1000 ml of highly
coloured water sample from Silver Flowe peatland was col-
lected in a plastic bottle, filtered through glass fibre filters
(VWR) using Buchner filtration apparatus, and refrigerated for
further analysis. This solution (DOC concentration measured
by TOC analyser = 65.54 mg L™, standard deviation of 3 repli-
cates = 0.78 mg L™') was diluted to create a series of 12 stan-
dard solutions which were analysed by UV/Vis and the Cup of
Carbon method, with 5 replicate images collected for each of
the 12 standards. The calibration graphs created were used to
estimate the DOC concentration of unknown samples by the
Cup of Carbon method.

2.5 Analysis of DOC

The DOC concentration of all samples was analysed by UV/Vis
spectroscopy using a VWR UV-6300PC spectrophotometer with
a matching pair of quartz cuvettes (10 mm path length) and
deionised water in the reference cuvette. Cuvettes were rinsed
with deionised water and several volumes of sample before the
spectra were collected. Scanned absorbance spectra were col-
lected from 800-200 nm in 0.5 nm intervals. DOC concen-
tration was calculated from the UV/Vis absorbance spectra
using the two-component model of Carter et al, (2012)**
which estimates the DOC from the absorbance at 2 wave-
lengths (270 and 350 nm) based on a model paramaterised
with ~1700 surface water samples from the UK and North
America. In addition, 11 water samples collected in August
were also measured using a TOC analyser (Thermolox, Sercon)
and compared with the UV/Vis method for quality assurance.
The DOC quantification for these 11 samples by the UV/Vis
method compared favourably with the TOC analyser results,
with an average recovery of 104.30% and results within the
95% confidence intervals reported by Carter et al, (2012)**
(see SI 2).

2.6 Data analysis

2.6.1 Analysis of blank and replicate samples. The method
limit of detection was evaluated by analysis of 10 blank (0 mg
L™' DOC) solutions using the Cup of Carbon method, with
comparison between each of the 3 image processing options
(U, WS and WB). The LOD was calculated from the mean of
the blank measurements + 3 standard deviations. Similarly, 10
replicates of 2 sample solutions (a low DOC solution of
4.27 mg L' and medium concentration DOC solution of
8.63 mg L™') were measured to investigate the accuracy and
precision of the Cup of Carbon method with each image pro-
cessing option. The standard deviation and relative standard
deviation (standard deviation as a percentage of the sample
mean, RSD) of the replicates were calculated to indicate
method precision, and the accuracy was investigated by calcu-
lating the percentage recovery of each sample by dividing the
mean of the DOC concentration from the Cup of Carbon

Analyst, 2025, 150, 5338-5350 | 5341


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5an00738k

Open Access Article. Published on 03 November 2025. Downloaded on 6/13/2026 4:43:39 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

method by the DOC concentration measured by UV/Vis and
multiplying by 100. To determine whether the Cup of Carbon
method could successfully distinguish between the water
samples with moderate differences in DOC concentration, a
one-way ANOVA with Tukey’s HSD post hoc test was applied to
the blank, low and medium DOC concentration solutions.

2.6.2 Analysis of field samples. Data analysis and visualisa-
tion was carried out using MS Excel,® Minitab®® and
RStudio.”*** Scatter graphs and regression analysis were used
to investigate the relationship between the Cup of Carbon
method and DOC measured by UV/Vis. The Bland-Altman (B-
A) limits of agreement (LoA) method®® was used to test the
agreement of the novel Cup of Carbon with the reference UV/
Vis method using the Minitab Bland-Altman plot macro. The
B-A plot shows the mean of the measurement of a sample by
both the novel and standard methods (x axis) plotted against
the measurement by the novel method subtracted from the
standard method (y axis). An offset of the mean difference
from zero on the y axis indicates a systematic bias in the
results of the novel method compared to the reference
method. Limits of agreement on the B-A plot show the upper
and lower range that is likely to contain 95% of the data calcu-
lated by the novel method. The LoA indicate the precision of
the novel method compared to the standard method, with nar-
rower LoA around the mean difference line indicating better
precision of the novel method and wider LoA indicating
poorer precision. As a further assessment of the overall accu-
racy and precision of the Cup of Carbon method, the
Concordance Correlation Coefficient (CCC) was calculated®*>*
using the DescTools R package.>® The CCC is a reproducibility
index which summarises the accuracy and precision of a novel
method with a single value, r., by comparing the deviation of
plotted data from the 1:1 line. The r. can have a value of r, =
—1 > 1, with a value closer to 1 indicating a positive relation-
ship with good precision and accuracy, values close to —1 indi-
cating a negative relationship with good precision and accu-
racy and values closer to zero indicating a weak or no relation-
ship. A scatter plot with all values falling exactly on the 1:1
line would have r. = 1. Information about the accuracy of the
data is captured by the bias correction factor (Cp) which can
take values between 0 and 1, with values closer to 1 indicating
greater accuracy and values closer to 0 indicating poor accu-
racy. The Cy, can be further broken down into two terms, the
location shift (i), which is a value that describes any systema-
tic deviation of the measured points above or below the 1:1
line, and the scale shift (), which describes any deviation in
the angle of the modelled regression compared to the 45°
angle of the 1:1 line on a square plot. Smaller values of # indi-
cate less location shift, and therefore greater accuracy, while
larger positive or negative values indicate a greater deviation
from the 1:1 line. Values of U closer to 1 indicate less scale
shift, while values greater or less than 1 indicate a greater devi-
ation from the 45° angle of the 1:1 line. Precision is captured
by the Pearson correlation coefficient. More information about
the derivation and interpretation of these parameters is given
in ref. 53 and 56.
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2.7 Investigating variation between users

To investigate the variation in results between different users,
each with a different smartphone, linear mixed models (LMM)
were created using the “Ime4” package in R.”” Three models
were run with the results of each of the DIA options (B, Bwg, or
B,s) used as the response variable. “phone” was included as a
fixed effect to investigate the differences between users each
with a different phone, and “sample site” (e.g. the numbered
sample locations, 1-16) was included as a random effect.
Significant differences between the “phone” variable were
identified using the “ImerTest” package in R.>®

3 Results

3.1 Proof of concept

The increasingly dark brown colour of samples with increasing
DOC concentration was evident in the digital images taken of
mugs filled with samples prepared from the soil extract solu-
tion (Fig. 3). This variation in colour was reflected in the RGB
values of the “water sample” region of the images within the
mugs for 33 samples prepared from the soil extract DOC solu-
tion (Fig. 4). The R, G and B values all decreased as the colour
changed from light to dark, with the B channel showing the
largest decrease. A qualitative interpretation shows that there
is an inverse relationship between DOC concentration and B
pixel intensity.

The intensity of the B channel measured by DIA showed a
negative exponential relationship with DOC (R* = 0.98, residual
standard deviation (sd) = 3.51). The G data also fitted a nega-
tive exponential relationship with DOC, although the fit was
slightly weaker than for B (R* = 0.90, residual sd = 5.18), and
the data covered a narrower range. The intensity of the R

Fig. 3 Example images of 4 of the 33 samples used for method devel-
opment. The numbers 1, 3, 5 and 10 relate to the number of 10 ml
additions of soil extracted DOC solution added.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Scatter plot of digital image analysis R, G and B data from
images of increasing concentrations of extracted soil solutions.
Regression lines show the B and G data fitted with exponential models,
while the R data is fitted with a linear model.

channel also decreased with increasing DOC concentration,
although less than the B and G channels. The R channel
showed a negative linear correlation with DOC, although the
lower R” value of 0.66 and higher residual sd of 5.88 highlights
the greater spread of the data compared to B or G.

The analysis of the DOC extracts indicated that the Cup of
Carbon method could be useful for estimation DOC in
unknown samples using the B pixel colour channel, and there-
fore this was focused on for further data analysis. The U, WB
and WS DIA methods (section 2.4.1) were applied to the B
pixel data, and are referred to as By, Bwg, and By,
respectively.

3.2 Method calibration and image processing

The By, Bwg and By DIA data for 5 replicate images of 12 cali-
bration standards was plotted against the DOC concentration
in order to create calibration graphs (Fig. 5), with data found
to fit negative logarithmic models.’® The By data had the
highest R* value out of the 3 image processing methods tested
(R? = 0.991, residual sd = 3.98). The B, image data had the
next highest R* value (R* = 0.990, residual sd = 3.48), followed
by the By data, which had a slightly lower value (R*> = 0.989,
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xB ws Y =-37.23In(x) + 178.36

R?=0.9903
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Fig. 5 Calibration graphs showing the relationship between Cup of
Carbon measurements and DOC. Calibration curves were generated
using logarithmic regression fitted to data from uncorrected (B_u),
white balanced (B_wb) and white subtracted (B_ws) pixel data from
images of peatland DOC solutions with known concentration. The
colour bar at the top of the graph shows an example of the water
sample region analysed for each point on the graph.

residual sd = 3.51). The calibration plots for all three image
processing methods showed acceptable qualities to be used for
the estimation of unknown samples, with high R? values, and
evenly distributed residuals. Therefore the calibration models,
which were generated using a single smartphone (Samsung
Galaxy A20e), were then applied to calibrate Cup of Carbon
water sample data collected using different smartphones.

3.2.1 Limit of detection, precision, and accuracy. Analysis
of replicate samples of blank (0 mg L"), medium (8.63 mg
L") and low (4.27 mg L") concentration DOC solutions
identified differences between the DIA options used for ana-
lysis (Table 1, and SI Fig. S5). The boxplots from the replicate
analysis of test samples (Fig. S5) show that there were clear
differences evident between the blank, medium and low con-
centration samples in all the DIA options tested as all the
measurements are clustered close to the true values. However
there was variability in the accuracy and precision of results
using the different DIA options. By had slightly higher LOD
than Bwg and B, respectively. Using By also over-estimated
the concentration of the medium DOC sample, although the
precision of the replicate measurements was the relatively
good, and the accuracy of the analysis of the low DOC sample
was also good. The Bwg DIA option was similar to the results
of By, with excellent estimation of the low DOC sample con-
centration and over-estimation of the medium DOC sample.
The estimation of DOC using B, had a low LOD, excellent

Table 1 Limit of detection (LOD), precision (RSD%) and accuracy of replicate (n = 10) measurements of blank (0 mg L™%), medium (8.63 mg L™) and
low (4.27 mg L™ concentration DOC samples using the three digital image analysis options tested

Blank (0 mg L)

Medium DOC (8.63 mg L")

Low DOC (4.27 mg L™")

Method  Mean  SD RSD (%) LOD Mean SD RSD (%)  Recovery (%) Mean  SD RSD (%)  Recovery (%)
By 1.53 0.30 19.61 2.42 11.04 1.45 13.10 128.02 4.59 0.79 17.20 107.51
Bws 1.38 0.26 18.84 2.16 11.23 1.62 14.39 130.12 4.34 0.73 16.89 101.74
Bys 1.21 0.22 18.18 1.86 8.75 2.67 30.50 101.41 3.38 0.85 25.05 79.21

By = uncorrected B pixel data, Bwg = white balanced B pixel data, and B, = white subtracted B pixel data.

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Comparison of the DOC concentrations for the Silver Flowe samples estimated by the Cup of Carbon method with that measured by the
UV/Vis method. (a—c) Scatter plots comparing the measured DOC concentration by UV/Vis with that estimated by the Cup of Carbon method using
the uncorrected B pixel data (By), the B pixel data with white balance correction (Byg), and the B pixel data with white subtraction correction (Bs),
respectively. Red line on each plot shows 1:1 line, and blue dashed line on each plot shows the regression fit for the Cup of Carbon data. (d—f)
Bland—Altman limits of agreement plots comparing the measured DOC concentration by UV/Vis with that estimated by the Cup of Carbon method
using By, Bwg, and B, digital image data, respectively. Red lines on each plot show the Bland—Altman limits of agreement and the green line shows

the mean difference between the Cup of Carbon and UV/Vis methods.

accuracy for the medium DOC sample, and acceptable accu-
racy for the low DOC sample. However, the precision of the B,
DIA option was poorer than the other two DIA methods tested,
with the highest standard deviation and RSD values for the
DOC samples. Despite the high RSD values indicating rela-
tively poor precision, ANOVA tests with Tukey’s HSD post hoc
testing identified that all 3 of the DIA options applied could
identify significant differences in DOC concentration between
the blank, low and medium DOC samples (p < 0.05) (SI 4). The
analysis of the blank and replicate sample solutions showed
that the Cup of Carbon method showed promise for the accu-
rate quantification of DOC in water samples, with no clear evi-
dence of one DIA option outperforming the others, therefore
the Cup of Carbon method was used to quantify samples from
around the Silver Flowe peatland with all three DIA options
applied for comparison.

3.3 Analysis of water samples from around Silver Flowe
peatland

From the two visits to the sample site, there were 118 individ-
ual digital image data points collected by 8 different smart-
phones to compare with 24 DOC measurements. The data
from the different smartphones was calibrated using the
appropriate equation from the graphs in Fig. 5. The results of
analysis of the samples by the Cup of Carbon method and UV/
Vis are presented in Fig. 6. The three DIA methods (By, Bws,
and B,,) led to varying accuracy and precision in the predic-
tion DOC. The Cup of Carbon results were strongly correlated
with DOC for all three DIA methods tested, with correlation

5344 | Analyst, 2025, 150, 5338-5350

coefficients of >0.69 in all cases (p < 0.001) (Table 2). However,
there were differences in the accuracy of the DIA methods
applied. Using By to predict DOC showed a systematic negative
bias, demonstrated by the values falling below the 1:1 line in
Fig. 6a. Using Bywsp also showed a similar, but less pronounced
negative bias (Fig. 6b). The estimation of DOC using Bys
showed the best accuracy, with points more evenly distributed
around the 1:1 line, but still with a slight underestimation of
sample DOC concentrations and a broader spread of data indi-
cating lower precision, particularly at concentrations below
20 mg L', compared to By and Byg. This interpretation is
supported by the B-A plots (Fig. 6d-f), which show the DOC
estimates using the By and Bwp image data having a mean
difference of 5.68 and 5.00 mg L™, respectively, while using
the B,,s image data led to a lower mean difference of 2.01 mg
L' compared to the DOC measured by UV/Vis, highlighting
the greater accuracy of the B, DIA method. The B-A plots

Table 2 Results of CCC analysis for the DIA options using uncorrected
(By), white subtracted (B,ys), and white balanced (Byg) B pixel data

Method 7. (£95% CI) Cp D u r

By 0.567 (0.471, 0.651) 0.729 0.871 —0.852 0.779
Bus 0.664 (0.557, 0.750) 0.953 1.201 —0.257 0.698
Bws 0.602 (0.505, 0.684) 0.771 0.856 -0.756 0.781

r. = Concordance Correlation Coefficient (CCC). 95% CI = lower and
upper 95% confidence intervals for r.. Cy, = Bias correction factor. =
scale shift. # = location shift relative to the scale. r = Precision coeffi-
cient (Pearson’s r).

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Bar graph showing the comparison of DOC measured by the
UV/Vis and Cup of Carbon methods at all 16 sample sites in March. Bars
of Cup of Carbon results show the mean of all measurements made
using all phones in March (using the white subtraction image processing
method, B with error bars showing calculated 95% confidence inter-
vals. The error bars on the estimate of DOC concentration using the UV/
Vis method show the 95% confidence intervals reported by Carter et al.,
(2012)?2 of 0.9, 2 and 4 mg L™* for ranges of DOC concentration from
0-5, 5-20 and 20-80 mg L™, respectively.

identify By as having the lowest spread of data, with a 95%
confidence interval around the mean of 8.83, compared to
8.91 and 12.32 for the estimates using the By and By image
data, respectively. To support the graphical interpretation of
the comparison between the Cup of Carbon and the reference
UV/Vis methods, the Concordance Correlation Coefficient
(CCC)>*** was calculated to determine which DIA method
showed the best precision and accuracy (Table 2).

The results of CCC analysis corroborate the interpretation
of the scatter and B-A plots, showing that using By to estimate
DOC has the lowest accuracy, with a bias correction factor of
Cp = 0.729, while By had the best accuracy, with a C, = 0.953.
The improved accuracy of Bys is related to the relatively low
scale shift value of = —0.257, while the larger magnitude of
the location shift values for By and Bwg, of @ = —0.852 and
—0.756 respectively, show the greater deviation of the Cup of
Carbon estimates from the reference method using these DIA
options. However, the precision of the DIA methods shows a
different pattern, with Bwp having the highest correlation
coefficient of r = 0.781, and Bgy and By having lower values of
0.779 and 0.698, respectively. The accuracy and precision of
the three DIA options are captured by the concordance corre-
lation coefficient (r.), which shows that the overall method pre-
cision and accuracy decreases in the order Bys > Bwgp > By.
This highlights that both the B,s and Bwg DIA options
improved the estimate of DOC by the Cup of Carbon method
compared to using the uncorrected By image data. The results
of the comparison of DIA methods also demonstrate that
finding an appropriate DIA process which optimizes both
accuracy and precision is challenging, as the improvement of
accuracy of the B, image processing method came at the
expense of decreased precision. Method precision may be
improved by additional replicate measurements, and a key
benefit the Cup of Carbon method, and other smartphone-
based digital image colorimetry methods, is that their low cost

This journal is © The Royal Society of Chemistry 2025
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and ease of use makes replicate measurements to improve the
quality of results very achievable.*® The graph in Fig. 7 shows
the mean of the DOC estimates by the Cup of Carbon method
using By, image processing for the 16 sample points measured
in March compared to the DOC measured by UV/Vis (error
bars show 95% confidence intervals). The results demonstrate
that the accuracy of the B, DIA option allows good estimation
of the DOC concentration of samples by calculating the mean
of replicate measurements. The mean accuracy of the results
from the Cup of Carbon method shown in Fig. 7 was 91.8 +
26.2% (mean absolute error = —0.24 + 2.07 mg L"), and mean
RSD% of replicate measurements was 39.0 + 15.7%.

3.4 Investigating variation between users

The summary of the linear mixed model used to investigate
variation in the estimate of DOC between phones using the
Bws DIA option is shown in Table 3, while the outputs for the
models based on By and By are shown in SI Tables S3 and
S4. Model residuals showed a slight positive skew (median =
—0.13, min = —2.46, max = 3.03), and Levene’s test for equal
variances indicated moderate heteroscedasticity (df = 7, F =
2.12, p = 0.047) which, on examination of boxplots of residuals
grouped by phone, appears to be due to high variance in
phone G and low variance in phone H. LMMs are able to cope
with moderate violations of normality and homoscedasticity,
and comparison with a robust linear mixed model using the
“robustlmm” R package led to the same interpretation, there-
fore the results of LMM analysis are presented. For the Byg
LMM, residual model variance was 30.59 + 5.53 (variance =
standard deviation), while sample site, included in the model
as a random effect, had a variance of 48.97 + 7.00, indicating
considerable between-site variation. Examining the differences
between phones showed that phone D was significantly lower
than phone A, while phones B and F showed moderate differ-
ences (p < 0.1). Phones C, E, G and H were not significantly
different. This indicates that there was some variation between
phones, but that only phone D showed statistically significant
difference at a p < 0.05 level. The LMMs using B and By esti-

Table 3 Results of LMM analysis using the white subtracted (B,,s) DIA
option to compare the variation in estimates of DOC between phones.
DOC estimated by B,,s was the response variable, with “phone” as a fixed
factor and sample site as a random factor. The estimated intercepts of
phones B—H are compared against phone A for significant difference,
while the intercept of phone A is compared to 0

Phone Intercept (+SE)  df tvalue pvalue  Significance
A 12.96 + 2.06 22.98 6.29 <0.001 xxx

B 2.58 £1.52 93.49 1.70 0.093

C —-2.44 £1.76 93.80 —-1.39 0.169

D —-5.34+£1.73 93.80 —-3.09 0.0026  **

E —-2.14 +£1.76 93.89 -1.21 0.229

F —4.12 £ 2.26 94.13  -1.82 0.072

G 3.71+2.54 94.05 1.46 0.148

H 0.21 +£5.83 94.28 0.04 0.972

SE = standard error. df = degrees of freedom. Significance codes: *** p
<0.001; ** p < 0.01; * p < 0.05.
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mations of DOC as the response variables (Tables S3 and S4)
identified phones D, F and H, as being significantly different
to phone A (p < 0.05). This highlights that the B, DIA option
improved the results of phones F and H compared to the B or
Bwsg DIA options, however they also show that phone D consist-
ently gave low estimations of DOC. Following LMM analysis,
the reason for the significant difference in the estimations
from phone D was investigated. Looking at the original photo-
graphs used during data collection revealed that the images
collected with phone D were taken with the phone flash
switched on (as indicated by reflections in the image on the
water surface and paper background, see SI, Fig. S6) which
appears to have led to a lighter coloured image of the water
and lower B pixel intensity. This highlights that care must be
taken to ensure that citizen science methods are as robust as
possible to user variation.

4 Discussion

4.1 Digital image analysis for assessment of DOC
concentration

DIA methods using smartphone digital cameras potentially
offer a low-cost and accessible alternative to lab-based
methods for environmental monitoring.>® The novel “Cup of
Carbon” method demonstrated a clear relationship between
the RGB values of digital images and increasing DOC concen-
tration, with the intensity of the B pixels showing the strongest
relationship with DOC concentration. This is in agreement
with Zeng et al., (2021) who found that increasing concen-
tration of humic acid in aqueous solution had a stronger effect
on B pixels than R or G in a smartphone-based DIA method
for water analysis using a custom sample enclosure.*® The
natural logarithm of uncorrected and corrected B pixel data
showed strong negative logarithmic relationships with DOC
concentration in standards prepared by serial dilution of a
high DOC water sample (Fig. 5), with R> values decreasing in
the order Bywg (R* = 0.991) > By, (R* = 0.990) > By (R* = 0.989).
These samples were suitable for method calibration to esti-
mate the concentration of DOC in unknown samples, although
the fact that the calibration was prepared using only 1 smart-
phone and was then applied to images collected by different
models of smartphone used by multiple users likely led to a
decrease in accuracy and precision of results, as ideally an
individual calibration would be created for each
smartphone.’”®* However, LMM analysis showed that only
phone D had a significant difference to phone A at a P < 0.05
level, which indicates that the use of a single calibration graph
made using phone A was acceptable for the estimation of DOC
with most of the phones used. Both the By and B, image
processing methods led to varying extents of improvement of
the accuracy of the DOC estimation in the sample analysis
and, although the novel B, image processing method caused
a decrease in the measurement precision, the concordance
correlation coefficient of r. = 0.664 identified By as giving the
best DOC estimate of the DIA methods tested (Table 2). Digital
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image analysis can be sensitive to experimental conditions
such as fluctuations in lighting or camera quality® which can
effect the precision and accuracy of results compared to stan-
dard methods.”>®® Image processing methods using a repro-
ducible section of sample images, such as a colour calibration
card or white balancing with a white section of the image
background, have previously been demonstrated to improve
the accuracy of DIA methods by correcting for artefacts in
lighting and image quality. Many studies have applied colour
correction to images used for analysis of environmental,
medical and chemical samples using greyscale or colured cali-
bration cards.?*26:38:49:60:64 The B . DIA method showed a
good ability to improve inaccurate data due to varying image
quality and lighting levels, with the simple requirement of
using a white image background. The novel B, DIA method
presents a promising way to correct for variations of lighting
between sample images in DIA, however a wider comparison
between image-processing methods in DIA for chemical
quantification is warranted.

4.2 Comparison with other DIA methods for investigation of
DOC concentration

Digital image analysis for estimation of DOC concentration
has been reported previously for coastal and freshwaters.
Goddijn et al., (2006) and Goddijn-Murphy et al., (2009)**°
demonstrated a relationship between R/G values from in situ
digital images with the absorption coefficient at 440 nm of
Irish coastal waters. The authors used a custom apparatus for
underwater measurements, with associated uncertainty of
~20%. Zeng et al., (2021)*® developed a methodology using
smartphone imaging with a low cost, custom-built sample
enclosure. This device demonstrated a strong negative
relationship between RGB pixel intensity and a derived
chromaticity index with increasing humic acid concentration
in artificial freshwater samples, but the authors did not esti-
mate the concentration of DOC or humic acid in environ-
mental samples. The HydroColour app®® uses RGB image data
to estimate the above water remote sensing reflectance (R.) of
coastal waters, which is influenced by water turbidity and the
concentrations of DOC and chlorophyll. The R, estimated
from smartphone RGB image data showed a strong correlation
to the results of a reference instrumental method, with associ-
ated error of 16-26%. These examples identify the potential
for DIA in the estimation of water chemical properties, and
also highlight the gap in the published literature for a simple
smartphone based method for the analysis of DOC in fresh-
waters. The accuracy of the Cup of Carbon method using repli-
cate sample measurements for estimation of DOC in fresh-
waters was within 8.2 + 26.2% (—0.24 + 2.07 mg L") of the
true DOC concentration (Fig. 7), which is in good agreement
with the published examples described above. Digital image
analysis methods tend to have poorer precision than standard
laboratory methods even with a variety of hardware adjust-
ments and image processing techniques applied.”*®* For
example, replicate DOC measurements using a TOC analyzer
typically have RSD of <2%, while the UV/Vis absorbance

This journal is © The Royal Society of Chemistry 2025
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methods typically have RSD <5%, which are much lower than
the RSD for Bys shown in Table 1 of up to 30%. However,
despite having poorer accuracy and precision than standard
laboratory methods, DIA methods can show acceptable accu-
racy if replicate measurements are used,** as seen in Fig. 7. In
addition, with 10 replicate measurements, the precision of
the Cup of Carbon method was good enough to identify sig-
nificant differences between samples with moderate differ-
ences in DOC concentration of ~4 mg L™" (section 3.2.1 and
SI 4). The accuracy and precision of the Cup of Carbon
method makes it appropriate for the estimation of DOC con-
centration in citizen science and other resource-limited set-
tings, however it is not intended as a replacement for stan-
dard laboratory methods for robust quantification of environ-
mental samples.

4.3 Potential interferences with DOC estimation by the Cup
of Carbon method

The Cup of Carbon method proved to be effective for the esti-
mation of DOC in clear waters around the Silver Flowe peat-
land, however other water quality parameters, such as turbid-
ity, Fe(m) concentration, and chlorophyll-a concentration,
also impact the optical properties of water samples.*>°®%” If
samples are turbid, a simple filtration step using qualitative
filter papers would be likely to remove any interfering sus-
pended solid particles and make the Cup of Carbon analysis
possible. However, this was not tested in the current study as
filtration was not required due to the negligible concen-
trations of suspended particles encountered (SI 3). The con-
tribution of chlorophyll-a to water colour or absorbance is
generally low and requires a significant concentration step to
be measurable.®® In particular, the amount of photosynthetic
algae is unlikely to be high in the upland streams around
peatlands due to low nutrient concentrations, low pH, and
limited light penetration into dark waters.®® However, under
eutrophic conditions high concentrations of photosynthetic
algae could potentially impact the DOC estimation by the
Cup of Carbon method. Fe(m) shows similar absorbance
characteristics to DOC and therefore can lead to the over-esti-
mation of DOC from absorbance or colour-based
methods.**®® Eleven of the water samples measured in this
study also had TOC quantified by a standard method (TOC
analyzer, Thermolox, Sercon) which showed excellent agree-
ment with the UV/Vis estimate of DOC concentration (see SI
2), suggesting that this was not a problematic issue in the
results presented. It is possible that DOC concentration
could also be over-estimated by the Cup of Carbon method
in samples with high Fe(ur) concentration, however Fe(u)
tends to make a lesser contribution to the brown colour of
water compared to DOC.*® The potential influence of Fe(ur)
on the estimates of DOC using the Cup of Carbon method
and the method ability to estimate DOC in turbid samples
after filtration are worthy of further investigation to expand
the applicability of the method to water samples from other
areas.
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4.4 Application in citizen science and further routes for
optimization

Methods using DIA often consider citizen science as a useful
potential application,>28343538:63 however there are relatively
few published studies reporting the use of DIA methods for
chemical analysis under field conditions by different users
with different smartphones. Leeuw and Boss (2018)*° report
one of few published examples which presents the results
from the application of smartphone-based DIA in citizen
science to estimate the turbidity of coastal waters. Often,
smartphone based DIA methods for water analysis require
additional hardware adaptations for smartphones which may
use bespoke or 3D printed components, or require chemicals
to react with an analyte of interest which may be barriers to
their uptake in citizen science. Methods using sample enclo-
sures made from readily available recycled materials help to
make methods more accessible while improving the reproduci-
bility of results,>*’*”" however the requirement to construct
an enclosure before analysis may still discourage potential
users from applying the methods. Like the method of Leeuw
and Boss (2018),*® a key benefit of the Cup of Carbon method
is the fact that it requires minimal equipment using only a
ceramic mug with white interior, a laminated piece of white
paper, and a digital camera, such as a smartphone camera.
This makes the method uniquely suited for citizen science,
education and other resource-limited settings where costly
equipment or bespoke sample enclosures may be a barrier to
potential users. In addition, the Cup of Carbon Shiny app
(available with the SI), incorporating the novel B, image pro-
cessing and calibration, allows quick and easy image proces-
sing and analysis, enabling rapid conversion of digital images
to estimated DOC concentration. The comparison of the
results from different phones using LMMs indicated that the
results from different phones are comparable. However, best
results are likely to be achieved by use of a single analyst using
one phone and one mug, ensuring equal height from each
sample and taking several repeat photographs of each sample.
This protocal minimises the variation and error added with
multiple users with different equipment and technique. In
addition, the creation of a calibration card with coloured
squares covering the working range of water DOC colour from
0-35 mg L™ could be used to create an in-field calibration to
take local lighting conditions into account during sample ana-
lysis.*® The accessibility of the method could be further
improved by the development of a smartphone app to handle
all the required image capture, processing and data analysis
steps.>**®*7> This would also enable better control of camera
functionality, such as ensuring the flash is turned off, ensur-
ing that no digital filters are applied to images, and maximis-
ing image resolution, which is known to improve DIA methods
compared to the use of compressed image formats.” It may be
possible to expand the working range of the method by explor-
ing the G pixel intensity at higher concentrations, or by apply-
ing a dilution step to very dark water samples with colourless
water, such as tap water, bottled water or deionised water.
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Finally, the potential interferences from Fe(m) and turbidity,
and additional ways to improve the reproducibility of the
method would benefit from further detailed investigation. The
Cup of Carbon method represents a promising approach for
the estimation of DOC concentration in coloured waters for
citizen science, education, and outreach settings, and further
development could lead to improvements in accuracy and pre-
cision to broaden the applications of the method.

5 Conclusion

The novel Cup of Carbon method uses a simple and user-
friendly digital image analysis method for estimation of the
concentration of dissolved organic carbon in coloured fresh-
waters from peatlands. RGB analysis of images of peatland
water samples in a ceramic mug with a white interior showed
a negative logarithmic relationship between B pixel intensity
and DOC concentration. The novel white subtraction image
processing method improved accuracy and enabled good esti-
mates to be made of DOC concentration in a range of
~1-35 mg L. Calculating the average of replicate measure-
ments enabled DOC to be estimated with good accuracy and
acceptable precision using 8 different smartphones on two
visits to the Silver Flowe peatland in Galloway. The Cup of
Carbon method is ideally suited for monitoring of DOC con-
centrations in peatland surface waters as part of citizen
science or educational outreach activities due to the basic
equipment requirement of a smartphone with digital camera,
ceramic mug with white interior and laminated sheet of white
paper. The open source Cup of Carbon Shiny computer app
allows fast analysis of images to estimate DOC concentration.
The Cup of Carbon method is one of only a small number of
published examples of DIA methods being used in the field
for investigating water quality as part of a citizen science
activity, and this study highlights the potential for smart-
phone-based DIA methods to expand the availability of analyti-
cal methods to a broad range of users.
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