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Abstract

The method of non-aqueous conductivity titration (NACT) of organic weak acids was applied
to quickly and accurately determine the phenolic-hydroxyl and carboxyl-groups contents in
humic acid. By varying the pH of the humic-acid sample, the concentration of the titrant, and
the nitrogen-gas flow rate, the optimal titration conditions were determined to be a sample
pH of 4, titrant concentration of 0.05 mol/L, and nitrogen-gas flow rate of 80 mL/min. Apply-
ing the detection method to p-hydroxybenzoic acid showed that its phenolic-hydroxyl con-
tent was 758.82+111.76 cmol/kg and carboxyl content was 744.44+51.11 cmol/kg. The
theoretical phenolic-hydroxyl and carboxyl-groups contents of the p-hydroxybenzoic acid
were 723.96 cmol/kg respectively, indicating that the method can accurately quantify the
carboxyl and phenolic-hydroxyl groups in the sample. The NACT was used to measure the
phenolic-hydroxyl and carboxyl-groups contents in humic acid quickly and accurately. In
addition, 29 humic acid samples from 8 provinces of China covering the main humic-acid
producing areas were collected and analyzed for acidic-groups content using the reported
method.

Introduction

Humic substances are complex and heterogeneous mixtures of polydispersed materials formed
in coal, soils, sediments, and natural waters by biochemical and chemical reactions during the
decay and transformation of plant and microbial remains (a process called humification) [1].
Humic acid, together with fulvic acid and humins are the major component of humic sub-
stances. As the acid-insoluble fractions of humic substances, Humic acid is partially soluble in
water and form micelle-like structures in neutral to acidic conditions [2]. Humic acid is poly-
mer compound rich in active groups such as phenolic-hydroxyl, carboxyl, sulthydryl, and car-
bonyl [3, 4] and is widely used in agriculture, ceramics, oil extraction, and environmental
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protection as an organic fertilizer, binder, mining aid, water purifier, and heavy-metal remover
[5-11]. Humic acid is mainly found naturally in peat, lignite, and weathered coal in nature [12,
13], which composition can vary according to geographical origin, age, climate and biological
conditions, making the precise characterization of these substances difficult [14, 15]. Humic
acid is highly acidic due principally to carboxyl and phenolic-hydroxyl groups. Total acidity of
humic acid may range from 1 mol/kg to more than 14 mol/kg. Other functional groups in
humic acid include quinone and ketonic carbonyl, amino, and sulthydryl groups (Fig 1) [13,
16-23]. These groups are responsible for exhibiting good hemostasis, and antidiarrheal func-
tions. Humic acid is widely used in medicine and feed additives [24-26], and the phenolic-
hydroxyl and carboxyl-groups contents in humic acid is positively correlated with its biological
activity [27, 28].

By hydrolyzing the phenolic-hydroxyl and carboxyl esters in humic acid, the free phenolic-
hydroxyl and carboxyl-groups contents can be increased and the biological activity of the humic
acid can be improved, so quantitative analysis of these groups in humic acid is key to its quality
control. Folin phenol method and calcium acetate method (FPCA), potentiometric titration,
NMR, and infrared method are commonly used to study the acidic groups in humic acid [29-36],
but some of these methods are complicated, while some have high detection limits and inaccurate
measurement results. For example, the FPCA method can be used to determine the concentra-
tions of phenolic-hydroxyl and carboxyl-groups through classical titrations in the laboratory,
however, the two different groups cannot be simultaneously determined, resulting in time-con-
suming work. Furthermore, NMR spectroscopy and infrared method involves the use of compli-
cated equipment and have limiting operation-technology requirements, making it inconvenient
for common application in the production and quality control of humic-acid products.

The non-aqueous conductivity titration (NACT) is the most common titrimetric procedure
used in pharmacopoeial assays and it is suitable for the titration of very weak acids and very
weak bases, which has been used to quantitatively analyze phenolic-hydroxyl and carboxyl
groups in lignin [37-39]. Because humic acid and lignin have similar molecular structures
and NACT can be applied to the measurement of weak organic acids [38], in this study, we
attempted to adopt this method to measure the phenolic-hydroxyl and carboxyl-groups con-
tents of humic acid by optimizing the humic-acid sample pH, concentration of the titrant, and

Fig 1. Humic acid model suggested by F. J. Stevenson [13].
https://doi.org/10.1371/journal.pone.0238061.g001
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nitrogen-gas flow rate. It was found that it can be used to simultaneously measure the pheno-
lic-hydroxyl and carboxyl-groups contents in humic acid by one titration, which is convenient
and quick.

Materials and methods
Test materials

Samples were collected from the humic-acid producing area of China, as shown in Table 2 and
Fig 2. Qingshuang Chen from Shandong Asia-Pacific Haihua Biotechnology Co., Ltd. and Xue
Li from Yinfu (Jinan) Biotechnology Co., Ltd. collected, registered, and numbered the humic
acid samples from the two companies. The two companies do not make any requirements on
the use of humic acid raw materials.

Humic-acid raw materials contain various trace elements and impurities, which would
affect the detection accuracy; hence, they are converted into sodium humate by a reaction with
sodium hydroxide during the extraction process. Briefly, 50 g humic acid ore powder and 5 g
NaOH were mixed in 1000 mL distilled water and stirred at room temperature for 2h. The
reaction solution was centrifuged 2800xg for 30 minutes to remove the insoluble precipitates.
The supernatant was dried at 105°C in oven to a constant weight.

The chemical reagents used in this study included: p-hydroxybenzoic acid, potassium
hydroxide, hydrochloric acid, acetone, pyridine, and anhydrous ethanol, which were pur-
chased from Sinopharm Chemical Reagent Co., Ltd. and were all of analytical grade (AR). The
main instruments used were: a DDSJ-308F conductivity meter with a lightning magnetic DJS-
1C platinum black electrode (Shanghai Lei Magnetic Instrument Factory) and an 85-1 mag-
netic constant-temperature mixer (Changzhou Guohua Electric Co., Ltd.).

Preparation of humic-acid sample

10 g of sodium humate was weighed into 100 mL of 12 mol/L hydrochloric acid, stirred well,
and then slowly diluted to 300 mL with distilled water. The mixture was then centrifuged at
2800xg for 5 minutes.

Lignite Weathered coal

¢ : Sampling point L o2 Sodium humate

Fig 2. Humic acid products from different producing areas in China. H: Heilongjiang, J: Jilin, I: Inner Mongolia, S:
Shanxi, G: Gansu, X: Xinjiang, JX: Jiangxi, and NX: Ningxia.

https://doi.org/10.1371/journal.pone.0238061.g002
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A total of 300 mL distilled water was added to the precipitate after centrifugation with thor-
ough stirring. The mixture was centrifuged at 2800xg for 5 min, and the pH of the supernatant
was measured at the same time. This water-washing process was repeated, followed by drying
for concentrate analysis (Fig 3).

Principle and process of NACT of phenolic-hydroxyl and carboxyl groups
in humic acid

During the titration, OH" in the KOH-isopropanol titration solution first reacts with the more
acidic carboxyl groups on the humic-acid molecule. After this reaction is complete, the OH
continues to react with the phenolic-hydroxyl groups. The conductivity change of the solution
during the reaction is measured using a conductivity meter.

The specific process included weighing 100 mg of humic acid (dry), placing it in a clean and
dry 50 mL round-bottom four-necked flask, adding 40 mL of pyridine/acetone (1:4,v:v) solvent
and 1 mL of distilled water, and finally adding 0.41 mL ethanol (99.5%, mL/mL). Nitrogen was
flowed in to protect the active groups, while the sample was stirred at 200 rpm. After 5 minutes,
the titration was performed with a KOH-isopropyl alcohol solution, with the conductivity
instrument used to record the conductivity curve until two equivalence points appeared [37].
The equivalence points M and N were determined using the conductivity curve (Fig 4).

The dotted line is the tangent epitaxial line of the inflection point, and the intersection
points M and N are the equivalence points of the carboxyl- and phenolic-hydroxyl groups cor-
responding to the two inflection points, respectively.

Therefore, the carboxyl-groups content A and the phenolic-hydroxyl-groups content P can
be calculated using Eqs (1) and (2) on the basis of previous study [39]:

A=V, -C-45/m (1)
P=V,-C-17/m (2)
Lignite/ Sodium
weathered coal humate
Extract humic React with
‘ acid by reacting hydrochloric
with sodium acid
Phenolic-hydroxyl% hydroxide C
i andcarboxyl i
i group contents? } Wash with

distilled water to
remove Na*, H*,

and Cl
Method accuracy :
verification Method
Analy5|s<_)f " ] hd™ optimization
hudmlc-afud e | ’ “T1/ (pH, titrant
Pro ucts rgm § « wa - Tossd N, concentration
different regions s X ] - and nitrogen-gas
of China T R flow rate)
Fig 3. Scheme of the study outline.
https://doi.org/10.1371/journal.pone.0238061.g003
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Fig 4. Standard curve for NACT of phenolic-hydroxyl and carboxyl groups in humic acid.
https://doi.org/10.1371/journal.pone.0238061.9004

where Vj,and Vy are the titrant consumptions (mL) at the equivalence points M and N, m is
the sample mass (mg); C is the concentration of titrant(mol/L); 45 and17 are the molar masses
of the carboxyl group and the phenolic-hydroxyl group, respectively.

Condition optimization

The sample pH, titrant concentration, and nitrogen-gas flow rate were varied to determine
the optimal reaction conditions using the weathered coal from Shanxi province, China
(Table 1).

Validation of the NACT method

To verify the accuracy of the method for the detection of phenolic-hydroxyl and carboxyl
groups, 20 mg p-hydroxybenzoic acid was used as the substrate and the measured phenolic-
hydroxyl and carboxyl-groups contents were compared with the theoretical values.

Folin phenol method and calcium acetate method (FPCA) were used to determine the
concentration of phenolic hydroxyl groups and carboxyl groups, respectively. In Folin phe-
nol method, 5uL humic acid (2.5 mg/mL) was added into 95pL distilled water. The solution
was further mixed with 30uL Folin phenol reagent and 70uL sodium carbonate solution
(10%, w/v) in the dark. After reaction at 37°C in the dark for 30 min, the absorbance was
measured at 765 nm. p-hydroxybenzoic acid was used as the standard solution to determine

Table 1. Condition optimization parameters.

No. Number of washing cycles (300 mL Titrant concentration (mol/L) | Nitrogen-gas flow rate (mL/min)
each)
1 4 0.03 40
2 6 0.05 60
3 8 0.07 80
4 0.09 100

https://doi.org/10.1371/journal.pone.0238061.t001
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the phenolic hydroxyl groups by Folin phenol method. According to the standard curve, the
molar number of phenolic hydroxyl in humic acid was calculated, and then the content of
phenolic hydroxyl in humic acid sample was obtained. To measure the carboxyl groups, 1g
of humic acid sample was added into 130 mL calcium acetate solution (0.25M) in a flat-bot-
tom flask, which reacted for 2 hours at 100 °C in a water bath with condenser tube. Finally,
0.01M sodium hydroxide solution was used to titrated until the pH increase to 8.2. The con-
tent of carboxyl groups in humic acid sample was calculated based on that the molar number
of sodium hydroxide consumed in titration was equal to that of carboxyl groups in humic
acid.

Statistical analysis

All statistical analyses were performed using SPSS 22.0. A p-value <0.05 was considered a sta-
tistically significant result.

Results and discussion
Effect of pH and rinsing cycles on conductivity

The titration cannot be directly performed because the Na* ions in the sodium-humate sample
would affect the conductivity of the solution. Instead, insoluble humic acid was formed by
reacting the sodium humate with excess hydrochloric acid, and the sample was then washed
with distilled water to remove Na*, H", CI, etc., to ensure that no free ions were present in the
sample. For convenience, the end point of H" removal was identified by measuring the pH of
the supernatant of the washing liquid. It can be seen from Fig 5 that after washing 8 times, the
pH of the supernatant no longer changed and the pH of humic acid tended to be stable. This

45

42

3.9 / { E

3.6

sl 1

3.0F

pH

2.0 |

4 6 8 10
Rinsing times

Fig 5. The pH of the humic acid sample after rinsing by distilled water.
https://doi.org/10.1371/journal.pone.0238061.9005
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Fig 6. Influence of washing times on conductivity curves.
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indicated that there was almost no free H" and Cl” remaining in the humic acid sample, so it
had reached the requirement for titration. Therefore, in the rest of the study, the samples were
washed with 2.4 L of distilled water 8 times to remove free ions.

It can be seen from Fig 6 that the pH value of the sample had a great influence on the con-
ductivity. With 4-6 washing cycles (pH<4.0), there were three inflection points in the conduc-
tivity curve, which could be because the residual H" and Cl affecting the ion concentration in
the solution that further affect the conductometric curves. The conductivity curve was more
clearly defined after washing 8-10 times (pH~24) as most of the residuals were removed. How-
ever, the humic-acid content in the sample was 55+1.2% after 8 washing cycles, and it was 51
+0.9% after 10 washes, indicating that humic-acid sample loss occurred during washing. As
long as the pH is stable, the number of washings should be as low as possible to minimize sam-
ple loss, so 8 water-washing cycles was optimal.

Therefore, in order to simplify the analysis process, in future experiments, the number of
washing cycles and distilled water consumption need not be measured. Instead, the superna-
tant pH value of 4.0 could be directly used to determine whether H" in the sample had reached
the removal end point.

Effect of titrant concentration on the conductivity curve

The titrant concentration had a strong influence on the conductivity measurements, as shown
in Fig 7. When the titrant concentration was 0.03 M, the second equivalence point did not
appear. This may be because the concentration of the titration solution was too low and the
phenol hydroxyl titration equivalent point cannot be reached. As the volume of the reaction
system was limited, we increased the concentration of the titrants. When the titrant concentra-
tion was 0.05 M, both the equivalence points appeared. However, when the titrant solution
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concentration was 0.07 M, the OH-concentration was higher compared to that of the carboxyl
content in the sample, so the reaction jumped past the first equivalence point. This made it
impossible to calculate the carboxyl content. Therefore, the titrant concentration of 0.05 M
was used for the next experimental process.

Effect of nitrogen-gas flow rate on conductivity

Phenolic hydroxyl groups in humic acid were easily oxidized to quinone groups during titra-
tion with the increase of pH value [40, 41], and the humic acid could be converted to short
chain fatty acids such as acetic acid and oxalic acid during the oxidation process [42]. Nitro-
gen-gas was injected to avoid an undesired oxidation. Fig 8 shows that the nitrogen-gas flow
rate had a significant influence on the conductivity curve. The nitrogen-gas flow rate of 40
mL/min and 60mL/min were too low so the reaction did not go to completion or the acidic
groups were destroyed by oxidation [41], while the nitrogen-gas flow rate of 40 mL/min and
60mL/min allowed for full reaction of the humic acid. When the nitrogen-gas flow rate was 80
mL/min, the phenolic-hydroxyl-groups and carboxyl-groups contents were measured to be
105.88+17.65 cmol/kg and 60+4.44 cmol/kg respectively, and with the nitrogen flow rate at
100 mL/min, they were 117.65+35.29 cmol/kg and 62.22+8.89 cmol/kg. It can be seen that the
measured functional groups contents were very similar. Considering that evaporation of the
solvent under a too-high nitrogen-gas flow rate would affect the conductivity, the optimum
nitrogen-gas flow rate was identified to be 80 mL/min.

Verify the accuracy of the method using p-hydroxybenzoic acid

Because the acidic-groups content in humic acid is uncertain, the phenolic-hydroxyl and car-
boxyl-groups contents of the reference compound p-hydroxybenzoic acid were determined to
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further verify the accuracy of the NACT. The theoretical carboxyl and phenolic-hydroxyl con-
tent in p-hydroxybenzoic acid was 723.96 cmol/kg respectively. The equivalence points M and
N of the conductivity curve were determined (Fig 9), wherein M is the carboxyl equivalence

150
120 |
|
=
S~
@ 90} 0
~ /
>
—
=2
A=
O -
S 60
©
c
3
OH
30 +
P-hydroxybenzoic acid
0 A ] . 1 A A 1 A
0 3 6 12 15
Titrant (mL)
Fig 9. Conductivity curve for p-Hydroxybenzoic acid.
https://doi.org/10.1371/journal.pone.0238061.9009
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point and N is that for phenolic-hydroxyl groups or similar. The carboxyl-groups content A
and the phenolic-hydroxyl-groups content P can thus be calculated using Eqs (1) and (2),
respectively. In three parallel measurements, the phenolic-hydroxyl and carboxyl-groups con-
tents of p-hydroxybenzoic acid were found to be 758.82+£111.76 cmol/kg and 744.44+51.11
cmol/kg. These results indicated that the NACT could be used quickly and accurately to mea-
sure the phenolic-hydroxyl and carboxyl-groups contents in p-hydroxybenzoic acid after opti-
mizing the conditions.

Validation of the NACT method by FPCA method

To validate the data from NACT method, FPCA method was further carried out to measure
the phenolic hydroxyl groups and carboxyl groups in the purchased humic acid standard (Fig
10). The result showed that the phenolic hydroxyl groups were 106.26+2.71 and 102.19+4.39
cmol/kg determined by NACT method and by FPCA method, respectively. While the carboxyl
groups were 43.93+3.42 and 42.31+2.46 cmol/kg measured by the two methods. The data from
the two methods did not show significant difference (phenolic hydroxyl group, p = 0.24;
carboxyl group, p = 0.54), which indicated that NACT method is as accurate as previous
method.

Measurement of phenolic-hydroxyl and carboxyl-groups contents in humic
acid products from different production areas in China

Quantitative analysis of phenolic-hydroxyl and carboxyl groups in humic acid products from
different mining areas in China was carried out using the NACT established in this study, with
the results shown in Table 2.

China has a vast territory with large geological differences. According to available data, the
distribution of humic-acid mines in China is very uneven, and they are mainly found in Inner
Mongolia, Shanxi, Ningxia, Xinjiang, Gansu, Heilongjiang, Jiangxi, and a few other provinces.
Humic acid is a complex macromolecular substance that is buried in the ground during the
movement of the earth’s crust and undergoes a combination of physical, chemical, and
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Table 2. Analysis of humic acid products from different regions of China.

Source No. Content (%) Content (cmol/kg)
Humic acid Phenolic-hydroxyl group Carboxyl group
Heilongjiang H1 25.1+0.53 94.12+25.88 64.44+9.11
H2 27.7+0.39 88.24+25.29 68.89+10.22
H3 56.2+1.49 88.24+26.47 42.22+11.33
Jilin J1 40.4+1.52 129.41+27.65 55.56+11.78
]2 47.1+0.42 82.35+22.94 28.89+9.78
]3 56.8+0.36 82.35+17.06 66.67+6.89
Shanxi S1 42.4+1.21 147.06+6.47 75.56+2.89
S2 50.5£0.98 111.76£22.35 64.44+8.89
S3 51.7+0.32 64.71+£15.88 57.78+5.56
S4 59.9£1.73 105.88+24.71 62.22+5.11
S5 62.9+0.42 111.76+14.12 64.44+4.22
S6 63.1+0.73 141.18+29.41 68.89+12.44
Xinjiang X1 52.3+0.97 194.12+11.18 37.78+8.00
X2 55.9+0.28 105.88+16.47 66.67+6.22
X3 61.9£0.51 105.88+15.29 60.00+6.67
X4 65.9+0.43 82.35+12.94 60.00+5.11
X5 69.4+0.35 123.53+12.94 64.44+5.78
X6 71.8+0.98 82.35+17.06 68.89+15.11
Inner Mongolia N1 53.0+0.58 88.24+50.00 53.33+5.78
N2 55.1+0.50 105.88+22.94 84.44+9.11
N3 56.7+0.74 152.94+8.24 64.44+7.56
N4 64.3£0.62 47.59+30.59 51.11+13.33
Gansu Gl 56.5+0.92 82.35+43.53 60.00+10.00
G2 60.8+1.74 76.47+14.12 57.78+11.78
G3 63.5+0.87 64.71+22.94 44.44+16.44
Jiangxi JX1 57.8+0.90 105.88+34.71 75.56+5.33
JX2 64.3£0.53 94.12+15.29 55.56+5.33
Ningxia NX1 57.9+0.94 82.35+13.53 66.67+9.56
NX2 59.6+0.73 88.24+27.06 40.00+4.44

https:/doi.org/10.1371/journal.pone.0238061.t002

microbial processes. Therefore, the structure of the humic acid in each region varies because

of the differences in the geological conditions.

It can be seen in Table 2 that the humic-acid content in the 29 samples varied from
25.1+0.53% to 71.8+0.98%. There was no obvious correlation between the phenolic-hydroxyl
and carboxyl-groups contents and the humic-acid content in the 29 samples. For example, in

sample H1 with the lowest humic-acid content, the phenolic-hydroxyl and carboxyl-groups
contents were 94.12+25.88 cmol/kg and 64.44+9.11 cmol/kg, respectively, while the humic-
acid content was 71.8+0.98 in sample X6, the phenolic-hydroxyl and carboxyl-groups con-
tents were 82.35+17.06 cmol/kg and 68.89+15.11 cmol/kg. It can be seen that there was no
obvious correlation between the humic acid and acidic-groups contents in the results

(Fig 11).

Conclusions

For quick and effective determination of the phenolic-hydroxyl and carboxyl-groups contents
in humic acid, the measurement of the conductivity curve of humic-acid samples prepared at
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NACT is a new method for measuring the phenolic-hydroxyl and carboxyl-groups contents

The NACT was applied to the reference compound p-hydroxybenzoic acid, giving a pheno-
The NACT was successfully conducted in this study to determine the acidic-groups content
in the samples obtained from the main humic-acid mines in China, demonstrating its applica-

hum

process were titrant concentration of 0.05 mol/L and nitrogen gas permeation rate of 80 mL/
bility for the molecular

contents. This method could be used to quickly and accurately measure the phenolic-hydroxyl
and carboxyl-groups contents in p-hydroxybenzoic acid, thereby indicating method accuracy

pH 4 was found to be the most accurate approach. The optimum conditions for the titration
and feasibility.

lic-hydroxyl-groups content of 758.82+111.76 cmol/kg and a carboxyl-groups content of
744.44+51.11 cmol/kg, identical to the theoretical phenolic-hydroxyl and carboxyl-groups

Data curation: Yuhao Wang, Xue Li, Xiaoling Zhu.
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min.
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Fig 11. Phenolic-hydroxyl and carboxyl-groups contents in humic acid products.

https://doi.org/10.1371/journal.pone.0238061.g011
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