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A  new  UV  spectrophotometry  based  method  for determining  the  concentration  and  carbon  content  of
carbohydrate  solution  was  developed.  This  method  depends  on  the  inherent  UV  absorption  potential
of  hydrolysis  byproducts  of  carbohydrates  formed  by reaction  with  concentrated  sulfuric  acid  (furfural
derivatives).  The  proposed  method  is a major  improvement  over  the  widely  used  Phenol–Sulfuric  Acid
method  developed  by DuBois,  Gilles,  Hamilton,  Rebers,  and  Smith  (1956). In the  old  method,  furfural
is  allowed  to  develop  color  by reaction  with  phenol  and  its  concentration  is  detected  by visible  light
henol–Sulfuric Acid
arbohydrate
urfural
V method

absorption.  Here  we  present  a method  that  eliminates  the  coloration  step  and  avoids  the  health  and
environmental  hazards  associated  with  phenol  use.  In addition,  avoidance  of  this  step  was  shown  to
improve  measurement  accuracy  while  significantly  reducing  waiting  time  prior  to  light  absorption  read-
ing. The  carbohydrates  for which  concentrations  and  carbon  content  can  be  reliably  estimated  with  this
new  rapid  Sulfuric  Acid–UV  technique  include:  monosaccharides,  disaccharides  and  polysaccharides  with

ht.
very high  molecular  weig

. Introduction

The determination of carbohydrate concentration in aque-
us solutions is very important component of several areas of
nvironmental research (Fukasawa, Tateno, Hagiwara, Hirose, &
sono, 2012; Goupil et al., 2012; Raynaud, Vaxelaire, Olivier,
ieude-Fauvel, & Baudez, 2012; Takei, Bartolo, Fujihara, Ueta, &
onald, 2012; Yu et al., 2012; Zhang, Banks, & Heaven, 2012)
s well as industrial applications in the petroleum (Fujieda,
itamura, Yamasaki, Furuishi, & Motobayashi, 2012; Pilavtepe,
argin, Celiktas, & Yesil-Celiktas, 2012; Trzcinski, Hernandez, &
ebb, 2012; Zhao et al., 2012; Zheng et al., 2012), pharmaceu-

ical (Bai et al., 2012; Coura et al., 2012; Lee, Hsieh, Chen, &
hiang, 2012; Pereira et al., 2012; Zha et al., 2012), and food indus-
ries (Al-Sheraji et al., 2012; Golovchenko, Khramova, Ovodova,
hashkov, & Ovodov, 2012; Rondan-Sanabria, Valcarcel-Yamani,

 Finardi-Filho, 2012; Sheu & Lai, 2012; Vriesmann, Teofilo, &
e Oliveira Petkowicz, 2012). The wide diversity of carbohydrates

nvolved in these areas has led to the development of numerous
nalytical techniques for measuring carbohydrate concentrations
ncluding chromatography (Jahnel, Ilieva, & Frimmel, 1998; Mason
 Slover, 1971; Prodolliet et al., 1995), capillary electrophoresis
Cortacero-Ramirez, Segura-Carretero, Cruces-Blanco, de Castro, &
ernandez-Gutierrez, 2004; ElRassi & Mechref, 1996; Soga & Serwe,
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2000), infrared (IR) spectroscopy (Cadet, 1999; Robert & Cadet,
1998; Wang, Liu, Li, Chang, & Jing, 2011), light scattering detection
(Suortti, Gorenstein, & Roger, 1998; Zhang, Sheng, & Yu, 2008) and
Nuclear Magnetic Resonance (NMR) spectroscopy (Copur, Kiemle,
Stipanovic, Koskinen, & Makkonen, 2003; Duquesnoy, Castola, &
Casanova, 2008). Use of many of these methods requires consid-
erable financial investment, advanced analytical skills, and time.
One of the most versatile, relatively easy and cheap approaches for
determination of carbohydrate concentrations is the colorimetric
method based on reaction between hydrolyzed carbohydrate solu-
tion and a coloring reagent that develops color that is detectible
in the visible range of the electromagnetic spectrum. Reagents
commonly used for color development include phenol (C6H5OH)
(DuBois et al., 1956), alkaline ferricyanide (2K4Fe(CN)6) (Englis &
Becker, 1943), and anthrone (C14H10O) (Dreywood, 1946).

Among the colorimetric methods for carbohydrate analysis, the
Phenol–Sulfuric Acid method of DuBois et al. (1956) is so far the
most reliable method and has been extensively used in a wide
range of fields. At the time of writing this paper, more than 23,700
distinct peer-reviewed articles (including more than 1000 peer-
reviewed articles in 2012 alone) were indexed by the Web  of
Science® (Thommpson Reuters) as citing the methods paper of
DuBois et al. (1956). The Phenol–Sulfuric Acid method depends on
dehydration of hydrolyzed saccharides to furfural derivatives dur-

ing reaction with concentrated sulfuric acid (Asghari & Yoshida,
2006; Bicker, Hirth, & Vogel, 2003; DuBois et al., 1956; Hung,
Selkirk, & Taylor, 1982; Itagaki, 1994; Lima et al., 2010; Rao &
Pattabiraman, 1989). Further reaction of the furfural derivatives

dx.doi.org/10.1016/j.carbpol.2013.04.072
http://www.sciencedirect.com/science/journal/01448617
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http://crossmark.dyndns.org/dialog/?doi=10.1016/j.carbpol.2013.04.072&domain=pdf
mailto:taghezzehei@ucmerced.edu
dx.doi.org/10.1016/j.carbpol.2013.04.072


2 ydrate

w
b
(

o
F
h
r
c
l
L
t
(
2
l
C
A
t
d
o
d
t
a
o

o
l
a
u
t

I
U
s
a
b
w
&
2
b
s
1

s
d
r
p
p
t
a
t
a

2

2

g
t
(
c
f
(
B

54 A.A. Albalasmeh et al. / Carboh

ith phenol forms colored complexes that absorb light in the visi-
le range, with a maximum absorbance at wave-length of 490 nm
DuBois et al., 1956; Rao & Pattabiraman, 1989).

Although it is easier to use than many of the available meth-
ds, the Phenol–Sulfuric Acid method has a few serious drawbacks.
irst, the coloring agent used in this method, phenol, poses multiple
ealth hazards. Phenol and its vapors are corrosive to skin, eye, and
espiratory system. Repeated and prolonged contact with skin can
ause dermatitis or second and third degree burns. Similarly, pro-
onged or repeated inhalation of phenol vapors causes lung edema.
ong-term exposure to phenol also have serious impact on the cen-
ral nervous system (it is a strong neurotoxin), kidneys, and liver
Budavari, 1996; Lin, Lee, Lai, & Lin, 2006; Michalowicz & Duda,
007). Phenol is one of 126 ‘Priority Pollutants’ currently regu-

ated by U.S. Environmental Protection Agency (Appendix A to 40
FR Part 423). Secondly, the result of the standard Phenol–Sulfuric
cid method is presented in terms of glucose-equivalent concen-

rations. This representation may  have potential limitations when
ealing with complex carbohydrates that are not simple polymers
f glucose. Finally, the chemical reactivity of carbohydrates with the
erivatization reagent (sulfuric-acid) greatly depends on whether
he carbohydrates are neutral or anionic. As a result, the molar
bsorption coefficients can greatly vary depending on the charge
f the carbohydrates analyzed (Mecozzi, 2005).

The aim of this work was to develop an alternate for the col-
rimetric method of DuBois et al. (1956) that alleviates the above
isted drawbacks by reducing the reaction wait-time, improving
ccuracy of the measurements, eliminating the hazards posed by
sage of phenol, and enabling direct correlation of light absorbance
o total carbon concentration in aqueous solutions.

The motivation for this study was derived from the work of
tagaki (1994), who showed that aqueous solution of furfural has
V-light absorption maxima at 277 nm.  Moreover, Itagaki (1994)

howed that glucose and cellulose absorb UV light at 323 nm
fter hydrolysis by reaction with concentrated sulfuric acid. The
athochromic shift in absorption maxima from 277 nm to 323 nm
as caused by the presence of sulfuric acid in solution (Hammond

 Modic, 1953; Kanetake & Otomo, 1988; Premakumari et al.,
011; Srivastava & Kumar, 2007). It has been shown that the
athochromic shift generally increases with the concentration of
ulfuric acid used as solvent (Itagaki, 1994; Layne, Jaffe, & Zimmer,
963; LP, 1974).

In this paper, we will introduce a method for determination of
ugar concentrations and carbon content of aqueous solutions that
epends on the UV absorbance of furfural derivates produced by
eaction with concentrated sulfuric acid. We  will present a com-
arison between the standard Phenol–Sulfuric Acid method and the
roposed Sulfuric Acid–UV method using aqueous solutions of neu-
ral (glucose, fructose, sucrose, starch, dextran and actigum) and
nionic (polygalacturonic acid (PGA) and xanthan) carbohydrates
hat are widely used in environmental research and industrial
pplications.

. Materials and methods

.1. Reagents and apparatus

All the chemicals used in the study were of analytical reagent
rade. Glucose (C6H12O6) was obtained from Sigma–Aldrich. Fruc-
ose (C6H12O6), sucrose (C12H22O11), starch ((C6H10O5)n), phenol
C6H6O) and potassium hydroxide (KOH) were obtained from Fis-

her Scientific. Concentrated sulfuric acid (H2SO4) was  obtained
rom ACROS. Polygalacturonic acid (PGA) ((C6H8O6)n), xanthan
(C35H49O25)n) and dextran ((C6H12O6)n) were obtained from MP
iomedicals. Actigum ((C24H40O19)n) was obtained from Cargill
 Polymers 97 (2013) 253– 261

company. Absorption measurements were made on a Thermo Sci-
entific Evolution 300 UV–vis Spectrophotometer.

A stock solution of each carbohydrate was  prepared by dis-
solving 0.1 g of dry carbohydrate in 1 L of double milipore water
(DDI). Because PGA is insoluble in water, it was made soluble by
addition of potassium hydroxide (KOH). It has been previously
reported that 0.46 mL  of KOH is required to dissolve 100 mg  of PGA
(Czarnes, Hallett, Bengough, & Young, 2000). However, our prelim-
inary experiments indicated that the pH of the prepared solution
is better indicator of solubility of PGA. We  found that the pH of
the solution has to be raised to 12.4 for complete dissolution and
this procedure was  used throughout this study. Various dilutions of
the stock carbohydrate solutions were made by pipetting a known
volume of the stock solution and completing the volume with DDI
water. The concentrations that were prepared for this study are: 0,
0.01, 0.03, 0.05, and 0.07 g/L.

2.2. Analytical methods

In the paragraphs below we  describe two  methods that are
based on light absorption in the visible and UV range: the
Phenol–Sulfuric Acid Method (DuBois et al., 1956) and the proposed
Sulfuric Acid–UV method, respectively.

2.2.1. Phenol–Sulfuric Acid method
This is the most widely used colorimetric method to date for

determination of carbohydrate concentration in aqueous solu-
tions (DuBois et al., 1956). The basic principle of this method is
that carbohydrates, when dehydrated by reaction with concen-
trated sulfuric acid, produce furfural derivatives. Further reaction
between furfural derivatives and phenol develops detectible color.
The standard procedure of this method is as follows. A 2 mL  aliquot
of a carbohydrate solution is mixed with 1 mL  of 5% aqueous solu-
tion of phenol in a test tube. Subsequently, 5 mL  of concentrated
sulfuric acid is added rapidly to the mixture. After allowing the test
tubes to stand for 10 min, they are vortexed for 30 s and placed for
20 min  in a water bath at room temperature for color development.
Then, light absorption at 490 nm is recorded on a spectrophotome-
ter. Reference solutions are prepared in identical manner as above,
except that the 2 mL  aliquot of carbohydrate is replaced by DDI
water. The phenol used in this procedure was redistilled and 5%
phenol in water (w/w) was  prepared immediately before the mea-
surements.

2.2.2. Sulfuric Acid–UV method
The procedure of the proposed Sulfuric Acid–UV method is as

follows. A 1 mL  aliquot of carbohydrate solution is rapidly mixed
with 3 mL  of concentrated sulfuric acid in a test tube and vor-
texed for 30 s. The temperature of the mixture rises rapidly within
10–15 s after addition of sulfuric acid. Then, the solution was cooled
in ice for 2 min  to bring it to room temperature. Finally, UV light
absorption at 315 nm is read using UV spectrophotometer. Refer-
ence solutions are prepared following the same procedure as above,
except that the carbohydrate aliquot is replaced with DDI water.

2.2.3. Total carbon analysis
One of the goals of this work was to determine if there is a lin-

ear relationship between the spectrophotometric absorption of the
sugar solutions and the total carbon concentration of the aqueous
solutions. For this purpose, the carbon concentration of all the sug-

ars was measured using a Shimadzu TOC-Vcsh analyzer. However,
total carbon analysis of xanthan and actigum solutions using the
TOC analyzer was  not reliable. Because these carbohydrates form
viscous suspensions, the small volume of sample extracted by the
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bathochromic shift is related to differences in sulfuric acid con-
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OC analyzer needle is not necessarily representative. Therefore,
e approximated the carbon content of these solutions as:

C] = n MC

MS
p S (1)

here [C] is theoretically calculated total carbon (in mass/volume),
 is the number of C atoms in the basic unit of the carbohydrate
olecule, MC is molar mass of carbon atom, MS is molar mass of a

ingle unit of the carbohydrate molecule, p is the purity of the carbo-
ydrate reagent used expressed as fraction, and S is the as-prepared
oncentration of the carbohydrate solution (in mass/volume).

.3. Interaction time

We  tested the effect of interaction time on the accuracy of both
ethods. This was done by varying the wait time after concentrated

ulfuric acid is added to the carbohydrate solutions. Effect of time
as tested on 0.01 and 0.07 g/L glucose solutions and wait times of

, 15, 30, 45, 75, 105, 135 and 225 min.

.4. Method validation

The validation of the new method (Sulfuric Acid–UV method)
as performed according to the International Conference on
armonisation (ICH) guidelines (ICH Harmonized Tripartite
uidelines., 2005). Validation process was performed in terms of

he following metrics: limit of detection (LOD), limit of quantifica-
ion (LOQ), linearity, precision, and accuracy. In addition, the new

ethod was tested for possible interference from solution compo-
ents that absorb in the UV range of interest, primarily proteins
nd flavonoids.

The limit of detection (LOD) is the lowest analyte concentra-
ion that can be detected but not necessarily quantified as an exact
alue, where as the limit of quantification (LOQ) is the lowest ana-
yte concentration that can be measured with suitable precision
nd accuracy (Currie, 1999). LOD and LOQ are calculated for carbo-
ydrate concentration versus absorbance and total carbon versus
bsorbance relationships as

OD = 3.52�b (2)

OQ = 16.67�b (3)

here �b is the respective standard deviation of the blank.
The linearity of an assay refers to the ability of the assay to obtain

esponse values that are related to the analyte concentration by a
efined mathematical function. In quantitative terms, linearity is
xpressed as the regression coefficient for fitting the data points to a
traight line. The linearity was evaluated by the least square regres-
ion method with triplicate determinations at each concentration
evel.

The accuracy of an analytical procedure describes how well the
easured concentrations agree with accepted reference values.
ccuracy was assessed in terms of the percentage relative error
nd mean percentage recovery. For this purpose, a separate set of
riplicate samples were prepared and their concentrations were
etermined using the fitted calibration equations. Percent relative
rror (ı) was determined as

[C]∗ − [C]

 = 100

[C]
(4)

here [C]* denotes carbohydrate concentration (carbon con-
ent) determined by the new method and [C] is the prepared
 Polymers 97 (2013) 253– 261 255

carbohydrate concentration (carbon content). Similarly, percent
recovery (r) was calculated as

r = 100
[C]∗

[C]
(5)

The precision of an analytical procedure expresses the closeness
of agreement (degree of scatter) between a series of measurements
obtained from multiple sampling of the same homogeneous sam-
ple under the prescribed conditions.The precision of an analytical
procedure is usually expressed in terms of the standard deviation
(SD) within the series of measurements.

To test for the possible interference from the presence of pro-
teins and/or flavonoids in sample solutions, we tested the UV
absorbance of bovine serum albumin (BSA) and cinnamic acid solu-
tions that were subjected to the full procedure of the proposed
Sulfuric Acid–UV method. The objective of this test was to check
whether the reaction with concentrated sulfuric acid would reduce
or eliminate the UV absorbance of these compounds that are known
to absorb UV light in the target range.

2.5. Statistical analysis

All measurements in this study were conducted on three repli-
cate samples. All reported data points and spectra denote the means
of the replicates. Error bars are not shown in the plots because the
clutter makes it difficult to distinguish between the symbols that
represent different carbohydrates. The mean and standard error of
all the data reported in figures are provided in the electronic sup-
plementary data. Data analysis was conducted using the statistical
analysis software program R. Significant differences among means
were analyzed by Tukey’s HSD (honestly significant difference) test
at probability level  ̨ < 0.05.

3. Results and discussion

Eight carbohydrates were tested in the study, including
monosaccharides (glucose and fructose), disaccharide (sucrose),
and polysaccharides (starch, actigum, dextran, PGA and xanthan).
PGA and xanthan are inherently anionic carbohydrates while all the
others are neutral.

3.1. Absorption spectra

Light absorption in the entire visible range of the electro-
magnetic spectrum for all the carbohydrate solutions prepared
according to Phenol–Sulfuric Acid method (DuBois et al., 1956) is
presented in Fig. A1 (Supplementary data). The figures depict the
fraction of the light absorbed (y-axis) as a function of wave length
(x-axis). All of the carbohydrates, with the exception of PGA, have
absorption maximum at 490 nm,  in agreement with the original
method (DuBois et al., 1956; Rao & Pattabiraman, 1989). All con-
centrations of PGA showed peak absorption at 478 nm. However,
in the remainder of this paper, the standard 490 nm absorption is
used consistently for PGA as well as the rest of the carbohydrates.

Similarly, UV light absorption in the full UV light spectrum
for all the carbohydrate solutions prepared according to Sulfuric
Acid–UV method is presented in Fig. A2 (Supplementary data). All
of the carbohydrates, with the exception of PGA, showed maximum
absorption at 315 nm.  Note that this absorption peak is slightly
smaller than that reported by Itagaki (1994) (322 nm). This slight
centration in the analyzed aliquots. All concentrations of PGA had
maximum absorption at 297 nm.  However, in the remainder of this
paper, absorption at 315 nm is used for PGA in order to be consistent
with the rest of the carbohydrates.
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Phenol–Sulfuric Acid method was  also noted previously by Mecozzi
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enotes the absorbance at each reaction time normalized by the absorbance at
25 min, for the respective method and concentration.

.2. Effects of reaction time

The Phenol–Sulfuric Acid method requires several minutes
or visible color development. In contrast, the proposed Sulfuric
cid–UV method is based on UV light absorption of the dehydrated
arbohydrate, which requires only several seconds to be completed.
hus, one of the attractive features of the proposed method is time
aving.

In Fig. 1, the reaction time after addition of sulfuric acid was
dded to the carbohydrate solution is compared with the scaled
bsorbance for both methods. The scaled absorbance was calcu-
ated by dividing the absorbance at each time by the absorbance
t 225 min, which we consider as the stable reading. From these
esults it is evident that the Phenol–Sulfuric Acid method requires
30 minutes for full coloration of the furfural derivatives by reaction
ith phenol. Similar wait time recommendation was previously

eported by DuBois et al. (1956) and Rao and Pattabiraman (1989).

n contrast, the UV absorption of the furfural in the proposed

ethod reaches stable level rapidly as soon as the reaction between
he carbohydrates and the concentrated sulfuric acid is completed
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ig. 2. Absorbance response to different carbohydrate concentrations using the (a) Pheno
inear regression fit to the data and the broken lines represent 95% confidence interval of
he  opened symbols represent the neutral sugars. For the statistical data see Table 1.
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(most likely within a few seconds). Our observations are consistent
with those of Itagaki (1994) who reported that UV absorbance of
furfural does not change over time, remaining stable for up to five
days.

3.3. Measurement of carbohydrate concentrations

Fig. 2 shows the relationship between the absorbance (x-axes)
and the concentration of different carbohydrates in g/L (y-axis) for
both the Phenol–Sulfuric Acid method (Fig. 2a) and the Sulfuric
Acid–UV method (Fig. 2b). In Table 1 we  show the coefficients of
linear regression lines individually fitted to all the carbohydrate
data plotted in Fig. 2 for both methods.

Before further discussing the merits of the proposed method, it
is important to ascertain that the measured absorbance is indeed
dependent only on the solution concentration. This concept is
mathematically summarized in the Beer–Lambert Law that relates
the measured absorbance to solution properties and the sample
geometry

A = �[C]l (6)

where A is the absorbance, � [L2/M]  is the mass absorptivity, C
[M/L3] is the concentration and l [L] is the path length of the sample.
We chose to use mass absorptivity (instead of molar absorptiv-
ity) because the molar mass of some of the carbohydrates used in
this study (including actigum, dextran, PGA, starch and xanthan) is
known only as a range of values. Eq. (6) was fitted to all the indi-
vidual samples that were analyzed. The mean and coefficient of
variation of the calculated mass absorptivity values are reported in
Table 1 for each carbohydrate as well as for the neutral and anionic
carbohydrates collectively. The coefficient of variation is generally
low indicating that Beer–Lambert law is obeyed.

The results in Fig. 2 and in Table 1 clearly show that there
is strong linear correlation between the carbohydrate concen-
trations and light absorbance, measured using both methods.
Moreover, these results indicate that there is distinct difference
in the concentration–absorbance relationships between the neu-
tral carbohydrates and the anionic carbohydrates, as indicated by
slopes of the regression fits to the neutral and anionic carbohy-
drates (reported as lines in Fig. 2). Similar difference in absorption
coefficients between neutral and anionic carbohydrate for the
(2005). These observations suggest that the rate of conversion from
carbohydrate to furfural derivatives, upon dehydration by sulfuric
acid, is not the same for neutral and anionic carbohydrates. Thus,

0 0.2 0.4 0.6 0.8 1

rbance

(b)

l–Sulfuric Acid method and (b) Sulfuric Acid–UV method. The solid lines represent
 the regression line. Note that the filled symbols represent the anionic sugars while
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Table  1
Coefficients of the standard curves obtained for the carbohydrates (Fig. 2) (corresponding to the absorbance versus the carbohydrate concentrations).

Sugar Method Slope Intercept Regression
coefficient (R2)

Mass absorptivity
(cm2 g−1)**

Glucose Phenol–Sulfuric Acid 0.1009AB −0.0024 0.992 11.34 (0.13)
Sulfuric Acid–UV 0.0762a −0.0017 0.992 14.25 (0.07)

Fructose Phenol–Sulfuric Acid 0.0903A −0.0034 0.947 13.07 (0.18)
Sulfuric Acid–UV 0.0833a −0.0017 0.992 13.11 (0.08)

Sucrose  Phenol–Sulfuric Acid 0.0939AB −0.0033 0.988 12.57 (0.14)
Sulfuric Acid–UV 0.0802a −0.0018 0.998 13.58 (0.07)

Starch  Phenol–Sulfuric Acid 0.1028AB −0.0025 0.992 11.17 (0.13)
Sulfuric Acid–UV 0.0786a −0.0018 0.996 13.98 (0.08)

Dextran Phenol–Sulfuric Acid 0.1098AB −0.0028 0.993 10.51 (0.13)
Sulfuric Acid–UV 0.0836a −0.0026 0.994 13.66 (0.12)

Actigum Phenol–Sulfuric Acid 0.1158B −0.0025 0.981 9.73 (0.11)
Sulfuric Acid–UV 0.0851a −0.001 0.998 12.43 (0.05)

Xanthan* Phenol–Sulfuric Acid 0.1933C 0.0015 0.998 4.88 (0.09)
Sulfuric Acid–UV 0.108b 0.0014 0.995 8.46 (0.10)

PGA* Phenol–Sulfuric Acid 0.2888C −0.0032 0.994 4.20 (0.24)
Sulfuric Acid–UV 0.1232b 0.0026 0.999 7.28 (0.12)

Neutral Phenol–Sulfuric Acid 0.2172 −0.0021 0.959 11.40 (0.16)
Sulfuric Acid–UV 0.0807 −0.0016 0.990 13.50 (0.09)

Anionic  Phenol–Sulfuric Acid 0.2172 0.0016 0.935 4.54 (0.18)
Sulfuric Acid–UV 0.1135 0.0024 0.983 7.78 (0.13)

Values within each method followed by the same letter are not significantly different at the  ̨ = 0.05 probability level according to Tukey’s honestly significant difference
(
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HSD)  test.
* Anionic carbohydrate.

** Mean (coefficient of variation (CV)).

he original Phenol–Sulfuric Acid method (DuBois et al., 1956),
hich uses glucose solutions as calibration standards, may  not be
irectly applicable for anionic carbohydrates without appropriate
djustment for the calibration curves (Mecozzi, 2005).

A closer look at Fig. 2a and the slopes of the regression lines of
he Phenol–Sulfuric Acid method (Table 1) reveals that there were
tatistically significant differences, albeit small, amongst some of
he standard curves of the neutral carbohydrates. In contrast, there
as no statistically significant difference amongst the regression

lopes of the neutral carbohydrates measured using the Sulfuric
cid–UV method (Fig. 2b). These differences are also reflected in the
oefficient of determination (R2) values of the regression lines fitted
o all the neutral and anionic carbohydrates separately (reported
s lines in Fig. 2). For both methods, there were no differences in
egression slopes between the pair of anionic sugars. In addition,
ote that the separation between the neutral and anionic regression

ines is smaller in the proposed Sulfuric Acid–UV method.
The above observations are consistent with the fact that all

he neutral carbohydrates are broken down to similar base sugar
olecules when hydrolyzed. The statistically significant variabil-

ty amongst the neutral carbohydrates, when measured using the
henol–Sulfuric Acid method, is probably a result of slight incon-
istencies in the coloration of the furfural derivatives by Phenol.
hus, the significantly better consistency of the proposed Sulfu-
ic Acid–UV method can be explained by (a) direct dependence
n the UV absorption potential of the furfural derivatives and (b)
voidance the need for a separate color development process.

Finally, the 95% confidence intervals of the grouped regression
ts indicate that the maximum errors of the Phenol–Sulfuric Acid
ethod (computed at the mid-point of the measured absorbance

ange for each carbohydrate group and method) are ±6.5% and
14.4% for the neutral and anionic carbohydrates, respectively.
he corresponding error levels of the proposed Sulfuric Acid–UV
ethod are ±2.8% and ±7.5%, respectively. Thus, the proposed
ethod cuts the measurement error by as much as half.
.4. Measurement of total carbon content

In many applications, the total carbon content, rather than the
ulk carbohydrate concentration, is the more desirable measure.
To this end, we  tested whether the absorbances measured accord-
ing to the Phenol–Sulfuric Acid method and the proposed Sulfuric
Acid–UV method are strongly correlated with total carbon con-
tent of the solutions. The carbohydrate concentrations reported in
Fig. 2 were converted to total carbon content using two approaches:
(a) approximated from the carbohydrate composition and solution
concentration according to Eq. (1) and (b) direct measurement of
the carbon content of all the solutions using TOC analyzer. The
calculated and measured total carbon content values of all the car-
bohydrate solutions, except those of actigum and xanthan, were
in strong agreement as indicated by the tight distribution of the
data points around the 1:1 line in Fig. 3a. However, the measured
carbon concentrations of actigum and xanthan suspensions were
significantly lower than the calculated values. Similar observations
were also noted byother researchers (Fontes, Queiroz, Longo, &
Antunes, 2005) who analyzed total carbon content of suspensions.
Likely causes for this underestimation of measured carbon content
include (a) the suspended carbohydrates settle prior to extraction
by the auto-sampler of the TOC analyzer and/or (b) the sampling
needle is too fine to extract representative sample from the sus-
pension. Therefore, the calculated total carbon content values of
actigum and xanthan are used in the remainder of the discussions.

In Fig. 3b, the carbon content (mg/L) of the carbohydrate
solutions is compared with the corresponding total carbohydrate
concentrations. The coefficients of linear regression equations fit-
ted individually to all the carbohydrates in Fig. 3b are provided in
Table 2. The very high coefficients of determinations (R2 ≥ 0.998)
of the regression fits are indicative of the precision with which the
samples used in this study were prepared and the analyses were
performed. It is also important to note that there were small but sta-
tistically significant differences among the slopes of the regression
equations given in Table 2. Thus, there is no universal rule for con-
version from total carbohydrate concentration to carbon content
(and vice versa).

By combining the data reported in Figs. 2 and 3b, we derived
relationships between the total carbon content of the carbo-

hydrate solutions and absorbance values measured using the
Phenol–Sulfuric Acid and Sulfuric Acid–UV methods (Fig. 4). The
coefficients of linear regression equations fitted individually to
all the carbohydrates are reported in Table 3. Comparison of the
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Table 2
Coefficients of the measured total carbon content measurements obtained for differ-
ent carbohydrate concentrations (Fig. 3B) (corresponding to the total carbon content
in  mg/L versus the carbohydrate concentration).

Sugar Slope Intercept Regression
coefficient (R2)

Glucose 400.05cd 0.7065 1
Fructose 381.39cd 1.4205 0.999
Sucrose 395.95c 1.2516 0.998
Starch 414.89c 0.6514 1
Dextran 362.83ab 0.9359 1
Actigum* 410.1bd 0 1
Xanthan* 421.83cd 0 1
PGA 354.95a 0.8412 1

Values followed by the same letter are not significantly different at the  ̨ = 0.05
p

c
i
l

a
P
a

ily apparent that the LOD values are an order of magnitude lower

F
a
(

F
s
a

robability level according to Tukey’s honestly significant difference (HSD) test.
* Calculated total carbon.

oefficients of determination of individual carbohydrates reported
n Table 1 with those in Table 3 reveals that there was  no gain or
oss of measurement accuracy for either method.

In addition, linear regression lines were fitted to the neutral

nd anionic groups of carbohydrates. The maximum errors of the
henol–Sulfuric Acid method at 95% confidence level (computed
t the mid-point of the measured absorbance range for each
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carbohydrate group and method) are ±6.1% and ±8.4% for the neu-
tral and anionic carbohydrates, respectively. The corresponding
error levels of the proposed Sulfuric Acid–UV method are ±2.9%
and ±4.2%, respectively. It is important to highlight the fact that
the error level of the proposed Sulfuric Acid–UV method is half of
the Phenol–Sulfuric Acid method. In addition, note that the error in
both methods is significantly diminished when used for measuring
carbon content as opposed to carbohydrate concentration (Fig. 2)
of the anionic solutions.

3.5. Method validation

Analytical characteristics of the Sulfuric Acid–UV method were
evaluated in terms of LOD, LOQ, linearity, accuracy and precision.
These validation tests were performed using the combined cal-
ibration equations that were fitted to the absorbance vs. sugar
concentration and absorbance vs. carbon content data of the neutral
as well as anionic sugars collectively. The LOD and LOQ for the sugar
concentration calibration equations calculated using Eqs. (2) and
(3) are 0.002 and 0.01 g/L, respectively. From these results, it is read-
than the lowest concentration used for the calibrations. The LOQ on
the other hand is equal to the lowest concentration used in the cali-
brations. Therefore, the new method and the provided calibrations

0.01 0.02 0.03 0.04 0.05 0.06 0.07

Sugar Concentration (g/L)

(b)

rbohydrate used (a) and the correlation between the total measured carbon content
gum and xanthan in part (b) because the measured carbon content was unreliable

0 0.2 0.4 0.6 0.8 1
rbance

(b)

tions using Phenol–Sulfuric Acid method (a) and Sulfuric Acid–UV method (b). The
onfidence interval of the regression line. Note that the filled symbols represent the
data see Table 3.



A.A. Albalasmeh et al. / Carbohydrate Polymers 97 (2013) 253– 261 259

Table  3
Coefficients of the standard curves obtained for the carbohydrates (Fig. 4) (corresponding to the absorbance versus total carbon).

Sugar Method Slope Intercept Regression
coefficient (R2)

Glucose Phenol–Sulfuric Acid 40.377AB −0.2551 0.991
Sulfuric Acid–UV 30.464a 0.0330 0.991

Fructose Phenol–Sulfuric Acid 34.423A 0.1426 0.945
Sulfuric Acid–UV 31.810a 0.7525 0.993

Sucrose Phenol–Sulfuric Acid 37.155AB −0.0582 0.985
Sulfuric Acid–UV 31.749a 0.5364 0.995

Starch  Phenol–Sulfuric Acid 42.587AB −0.3816 0.988
Sulfuric Acid–UV 32.565a 0.0622 0.992

Dextran Phenol–Sulfuric Acid 39.776AB −0.0550 0.991
Sulfuric Acid–UV 30.286a 0.0024 0.993

Actigum Phenol–Sulfuric Acid 47.499B −1.0154 0.981
Sulfuric Acid–UV 34.913a 0.4228 0.998

Xanthan* Phenol–Sulfuric Acid 81.536C 0.6349 0.998
Sulfuric Acid–UV 45.574b 0.6042 0.995

PGA* Phenol–Sulfuric Acid 102.590C −0.2869 0.995
Sulfuric Acid–UV 43.714b 1.7694 0.998

Neutral Phenol–Sulfuric Acid 39.231 −0.0225 0.960
Sulfuric Acid–UV 31.848 0.1701 0.988

Anionic Phenol–Sulfuric Acid 86.733 0.7281 0.976
Sulfuric Acid–UV 44.612 1.2159 0.994

Values within each method followed by the same letter are not significantly different at the  ̨ = 0.05 probability level according to Tukey’s honestly significant difference
(HSD)  test.

* Calculated total carbon.

Table 4
Accuracy and precision of the Sulfuric Acid–UV method.

Sugar Prepared Measured % Recovery % Relative error

Sugar conc.
(g/L)

Carbon content
(mg/L)

Sugar conc.
(g/L)

SD* Carbon content
(mg/L)

SD* Sugar conc. Carbon
content

Sugar conc. Carbon
content

Glucose 0.010 4.667 0.010 0.0024 4.788 0.0035 100.00 102.59 0.00 2.59
0.030  12.717 0.031 0.0023 12.941 0.0095 103.33 101.76 3.33 1.76
0.070  28.723 0.070 0.0010 28.260 0.0042 100.00 98.39 0.00 1.61

Starch  0.010 4.560 0.010 0.0055 4.661 0.0021 100.00 102.19 0.00 2.19
0.030 12.850 0.031 0.0091 12.941 0.0089 103.33 100.71 3.33 0.71
0.070  29.867 0.071 0.0064 28.993 0.0015 101.43 97.07 1.43 2.93

PGA  0.010 4.595 0.010 0.0035 4.428 0.0018 100.00 96.37 0.00 3.63
0 

3 

a
t
c
t
T
a
p
m
i
w
n
s
r
m

a
h
i
s
A
S
i

i
m
d

0.030  11.330 0.029 0.0055 11.70
0.070  25.923 0.068 0.0064 26.82

* Standard deviation.

re considered applicable for quantitative measurement within
he the range of the concentrations used in this study; i.e. sugar
oncentrations of 0.01–0.7 g/L. The linearity of the sugar concen-
ration and carbon content calibration equations are provided in
ables 1 and 3, respectively. The observed R2 values (R2 ≥ 0.983
nd R2 ≥ 0.988, respectively) are considered high for the intended
urpose of the method. The accuracy and precision of the new
ethod are reported in Table 4. Accuracy of the method was  tested

n terms of percent relative error (ı) and percent recovery (r), which
ere calculated using Eqs. (4) and (5), respectively. In general, the
ew method can be considered to be accurate to within 3.6%. The
tandard deviation (precision) of the replicate validation samples is
eported in Table 4, which is generally low indicating high precision
easurement. Note that the smaller SD, the better precision.
The test for interference showed that UV absorbance of BSA

nd cinnamic acid is reduced but not completely eliminated after
ydrolysis by reaction with concentrated sulfuric acid. Therefore, it

s concluded that that the proposed method is not appropriate for
amples that absorb in the UV range without any pre-treatment.
s a precaution it is recommended that prior to using the proposed
ulfuric Acid–UV method, samples should be pre-screened to test
f they have UV absorbance.
The reduction of UV absorbance upon hydrolysis suggests that
t is possible that small quantities of protein/flavonoid impurities

ight be admissible, if their UV absorbance is reduced below the
etection limit. The admissible level of UV absorbance of untreated
0.0102 96.67 103.27 3.33 3.27
0.0110 97.14 103.47 2.86 3.47

samples must be established by systematic analysis of wide range
of proteins and flavonoids mixed with carbohydrates at varying
concentrations and proportions.

4. Conclusion

The proposed Sulfuric Acid–UV method represents a major
improvement to the widely used carbohydrate characterization
by Phenol–Sulfuric Acid method. The advantages of the proposed
method is linked to the elimination of phenol for visible coloration
of the furfural derivatives and instead capitalization on the UV
absorption potential of furfural. This modification not only avoids
the health and environmental hazards of phenol use but also cuts
measurement error by as much as half while significantly reducing
measurement time. Therefore, we can conclude that the proposed
Sulfuric Acid–UV method is suitable for safer and high-throughput
analysis of diverse carbohydrates in research and industrial appli-
cations. However, the Sulfuric Acid–UV method is not to be used
for samples that have UV absorbance before treatment as this may
indicate possible interference by protein and/or flavonoid impuri-
ties.
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