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ABSTRACT

Sulfate contamination has become a global problem, which attracts wide concern of
researchers in this field. In this study, a bibliometric analysis was employed to analyze the
scientific outputs on sulfate removal, in terms of source countries, institutes, distribution of
words in titles, author keywords, KeyWords Plus. Three categories including removal field,
removal methods, and products have further contributed to revealing the research trends in
the past 20 years, based on the online version of Science Citation Index Expanded, Web of
Science from 1991 to 2010. It is concluded that researchers have paid most attention to
desulfuration in water. This would probably continue as the main developing research trend,
thus helping researchers establish future research directions in this area.
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1. Introduction

Sulfate is a widely used material for painting, plas-
tic, medicine, and paper making etc [1]. These sulfate
containing industrial effluents would pose a threat to
the quality of freshwater resources and consequently
the well-being of humans and the environment at
large [2,3]. Besides, sulfate contained in water may
accumulate toxic levels and cause ecological damage,
so standards are set to regulate the sulfate concentra-
tion in drinking water. A maximum limit of 200 mg/1
in drinking water was recommended by the WHO.

Chemical and biological methods have been stud-
ied in recent years to remove sulfate. Biological treat-
ment with sulfate-reducing bacteria (SRB) has been
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considered as the most promising alternative for the
treatment of types of industrial wastewaters [4-7].
Over the past several decades, the number of scientific
articles on sulfate removal has enjoyed a rapid
increase and even papers presenting the latest
research achievements have been published in author-
itative scientific journals such as Nature [8].

The bibliometric method is an effective means for
the analysis of scientific production and research
trends [9-12], which has been widely employed to
evaluate kinds of topics, such as global biodiversity
[13], adsorption technology [14], climate change [15],
water resources [16], wetland [17], solid waste [18],
desalination [19], and aerosol research [20]. The
Science Citations Index Expanded (SCI-EXPANDED),
from the Institute of Scientific Information (ISI) Web
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of Science databases, is the most important and the
most frequently used source for a broad review of sci-
entific accomplishments in all fields. The conventional
bibliometric methods may center on the citation analy-
sis, namely scholarly outputs of authors, institutions,
countries. However, the newly developed bibliometric
analysis is closer to the research itself by employing
the “word cluster analysis” to further evaluate words
in the title [21], author keywords, and KeyWords Plus
in the study of research trends [22].

In this study, a bibliometric analysis of language,
source country, institution, and the most cited papers
was performed to describe performance in sulfate
removal. In addition, the distribution of words in the
title, author keywords, and KeyWords Plus was
analyzed to study the research trends during the
period 1991-2010. These investigations can help
researchers to realize the research advancements of
sulfate removal and future research direction.

2. Data sources and methodology

Documents in this study were based on the online
database of the Science Citation Index (SCI), retrieved
from the ISI Web of Science, Philadelphia, USA.
According to Journal Citation Reports (JCR), it
indexed 40,134 major journals with citation references
across 174 scientific disciplines in 2010. Five terms,
including “sulfate reduction,” “sulfate-reducing bacte-
ria,” “sulfate,” “adsorption,” and “sulphate,” were
chosen to search titles, abstracts, and keywords from
1991 to 2010. Articles originating from England,
Northern Ireland, Scotland, and Wales were reclassi-
fied as from the UK. Articles addressed in Hong Kong
were not included in China. Besides, the reported
impact factor (IF) of each journal was obtained from
the 2010 JCR. Collaboration type was determined by
the addresses of authors, where the term “single
country publication” was assigned if the researchers’
addresses were from the same country. The term
“internationally =~ collaborative  publication”  was
designated to those articles that were coauthored by
researchers from multiple countries. The term “single
institute publication” was assigned if the researchers’
addresses were from the same institute. The term
“internationally collaborative publication” was desig-
nated to those articles that were coauthored by
researchers from multiple institutes. Words in titles
were separated, and then, conjunctions and preposi-
tions such as “and,” “with,” “of,” “in,” and “on” were
discarded, they were meaningless for further analysis.
All keywords, both those reported by authors and
those assigned by ISI, as well as words in the title

6041

were identified and separated into 4 five-year spans
(1991-1995, 1996-2000, 2001-2005, and 2006-2010,
respectively), their ranks and frequencies of use were
calculated with different words with identical mean-
ing and misspelled keywords considered as a single.

The focus of the following discussion was to
determine the pattern of scientific production and
research activity trends which consisted of authorship,
institutes, countries, and trends in the research
subjects addressed.

3. Results and discussion
3.1. Document type and language of publication

A total of 42,383 articles were included in 14 docu-
ment types during the 20-year study period, and the
document type was dominated by articles, which
accounted for 86.8% of all the publications. Despite
the fact that articles, proceeding papers (6.9%),
reviews (3.6%) were also significant parts of total. A
less-significant portion was comprised of book chapter
(0.01%), correction (0.1%), addition (0.01%), discussion
(0.01%), editorial material (0.2%), letter (0.1%),
meeting abstract (0.6%), news item (0.01%), note
(0.6%), and reprint (0.02%). In 19902010, the number
of publications kept increasing steadily, and a signifi-
cant increase was observed in both the number of
publications and articles (Fig. 1) from 2002 to 2010.
This indicated that sulfate removal had been a hot
spot and had attracted increasing concern.
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Fig. 1. World SCI-EXPANDED journal publications with
sulfate removal, remove sulfate, sulfate reduction or
reduce sulfate in titles during 1991-2010.



6042

Articles, as the dominant document type, were
further identified and analyzed. The articles were
written in various languages, with English as the
dominant one, which took up 98%. The five most
frequently used languages following English were
German (0.4%), Japanese (0.3%), French (0.3%), and
Portuguese (0.2%). Hungarian, Greek, Coatian Korean,
Lithuanian, Romanian, and Serbo-Croatian were
minor publication languages in sulfate removal. These
meant that English papers had covered the most
research areas in the aspect of the sulfate removal and
were benefit for communication.

All journals relating sulfate removal were ana-
lyzed, with the IF, IF rank, number of articles in the
20-year study period. In total, 42,383 articles on sulfate
removal were published in 37,183 journals from 1991
to 2010. The top 20 most productive journals based on
the number of articles were further analyzed (Table 1).
Journal of Biological Chemistry was the most productive
journal with high TP and IF (5.328), followed by
Applied and Environmental Microbiology. However,
although Applied and Environmental Microbiology’'s TP
and IF were lower than the former journal, it enjoyed
the highest TC/TP and NR/TP. Besides, NR/TP was
topped by Geochimica Et Cosmochimica Acta, whose
articles were most frequently cited. Researchers
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focusing on sulfate removal could read papers
published on these journals for suggestions.

3.2. Distribution of country/territory and institute

Contribution of different countries/territories was
estimated by the affiliation location of at least one
author of the published paper (Fig. 2). In the past
20years, USA had a notable advantage in article
production, establishing an advantage in sulfate
removal (Table 2). China had chased up rapidly with
a late start though, especially in 2006-2010, which
indicated research on sulfate removal had earn an
increasing attention as well as huge potential in
China. Germany, Japan, UK, and Canada witnessed a
stable increase during the 20-year study. The increase
in all articles of productive countries revealed an
increasing attention to sulfate removal.

Among the top 20 institutes (Table 3), 12 were in
USA, two in Canada, and one each in China, Russia,
Germany, Japan, Spain, and France. Results showed
that sulfate removal research was dominated by
institutes in USA, which to some extent leaded
research trends. There was not any advantage of
quantity in China, but Chinese Academy of
Sciences, as the only Chinese institute in top 20, had

Table 1

The top 20 most productive journals based on total number of articles

Journal TP TP (%) IF TC TC/TP NR NR/TP
Journal of Biological Chemistry 866 2.16 5.328 42,529 49.11 38,471 44.42
Applied and Environmental Microbiology 626 1.56 3.778 38,820 62.01 28,022 44.76
Environmental Science & Technology 484 1.21 4.827 16,414 33.91 18,178 37.56
Water Research 379 0.94 4.546 9,545 25.18 11,473 30.27
Geochimica Et Cosmochimica Acta 370 0.92 4.101 16,106 43.53 22,451 60.68
Water Science and Technology 322 0.80 1.056 4,417 13.72 4,869 15.12
Journal of Hazardous Materials 307 0.76 3.723 3,113 10.14 9,502 30.95
Journal of Geophysical Research-Atmospheres 276 0.69 3.303 11,575 41.94 14,327 51.91
FEMS Microbiology Ecology 269 0.67 3.456 6,808 25.31 12,655 47.04
Langmuir 249 0.62 4.269 6,283 25.23 9,585 38.49
Biochemistry 241 0.60 3.226 8,080 33.53 11,119 46.14
Journal of Bacteriology 224 0.56 3.726 8,676 38.73 9,748 43.52
Chemosphere 216 0.54 3.155 3,570 16.53 6,686 30.95
Water Air and Soil Pollution 213 0.53 1.765 2,446 11.48 6,671 31.32
Chemical Geology 207 0.52 3.722 4,629 22.36 11,726 56.65
Desalination 207 0.52 1.851 1937 9.36 4,342 20.98
Industrial & Engineering Chemistry Research 191 0.48 2.072 2,936 15.37 5,343 27.97
Hydrometallurgy 185 0.46 1.922 1,811 9.79 4,097 22.15
Atmospheric Environment 178 0.44 3.226 4,327 24.31 6,146 34.53
Journal of Virology 168 0.42 5.189 8,595 51.16 8,797 52.36

Notes: TP: total number of articles, IF 2010 ISI: impact factor, TC: total citation count, NR: cited reference count, TC/TP: average of cita-

tions in a paper, NR/TP: the average cited reference count per article.
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Fig. 2. Comparison the growth trends of the top five
productive countries.

contributed the most articles on sulfate removal.
Among single institutes, University of Wisconsin and
University of Washington had the highest TC/SP,
while University of Illinois in USA ranked the first in
terms of TC/TP among all inter-institutionally
collaborative institutes. Another observation in Table 3
was that the percentage of collaborative articles was
generally higher than that of individual institutes,
which indicated that academic communities of sulfate
removal research were more collaborated.

3.3. Distribution of paper titles, author keywords, and
Keywords Plus

Title of an article, as a media, helps readers identify
the subjective focus and emphasis specified by authors.
The analysis of paper titles was previously applied in
mapping trends in aerosol, stem cell, and atmospheric
simulation research. All single words in titles of sulfate
removal-related articles were analyzed in this study.
Words that were useless for further study, such as
“by,” “and,” “the” and “to,” were discarded.

Keywords, which reflected research trends of
articles, were of concern to readers. As a significant
part of bibliometric analyzing method, keywords
analysis had developed rapidly in recent years, but it
was rarely applied in research trends analysis. In this
study, keywords were classified into 4 five-year peri-
ods (1991-1995, 19962000, 2001-2005, and 2006-2010,
respectively). Results indicated that many keywords
appeared just once or twice. The large number of once
only keywords probably indicated a lack of continuity
in research and a wide disparity in research foci. It
was also reasoned that probably some new research
fields earned less concern. All the keywords ranking
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top 50 in all articles are listed in Table 4. Sulfate and
reduction undoubtedly ranked the first and second,
respectively, as the dominant factors for research. SRB
ranked 10th in 1991-1995, but fourth in 1996-2010,
which showed that SRB obtained more concern in
recent years. Some biological terms including “cells,”
“protein,” “proteoglycans,” and “metabolism” earned
increasing attention in 1991-2000, but the attention
decreased in 20012010, as were replaced by “mecha-
nism.” Results showed that mechanism of SRB was
paid more attention; thus, a complete researching sys-
tem was established. In addition, the rates of “kinetics”
and “microbial” increased steeply, which implied that
chemical and biological mechanisms of removal
methods were receiving attention of researchers.

3.4. Most cited articles

The time-dependence of citations might be infor-
mative for tracking the impact of an article. Table 5
showed the most frequently cited articles of sulfate
removal in each year since publication through 2010.
The article “Requirement of heparan-sulfate for Basic
Fibroblast Growth-Factor (BFGF)-mediated fibroblast
growth and myoblast differentiation” in 1991 was the
most frequently cited, followed by “The complete
genome sequence of the hyperthermophilic, sulfate-
reducing archaeon archaeoglobus fulgidus” in 1997,
and “Isis-4-A randomized factorial trial assessing early
oral captopril, oral mononitrate, and intravenous
magnesium-sulfate in 58,050 patients with suspected
acute myocardial-Infarction” in 1995. All the top three
articles were from USA, which again proved the
influence of USA on sulfate removal. Among the most
frequently cited articles each year, 12 articles included
authors were from the USA, two from the UK, five
from Germany, two from Australia, and one each
from China, Argentina, Switzerland, Netherlands,
Sweden, Canada, Belgium. Besides, it was always
accompanied with other substances to remove sulfate
as shown in 2000, 2001, and 2007 articles.

3.5. Hot issues

Research trends in sulfate removal were separated
into three categories, including removal field, removal
methods, and product. In terms of the sulfate removal
field, “water” had a distinctly higher rank (the fifth)
over the last two decades. The percentage of “water”
had increased gradually, showing that more attention
was paid to the research on “water” [23,24]. “Soil”
ranked 35 with few changes observed in the growing
rate. Compared with “water,” soil was less concerned
in sulfate removal fields. Due to the importance of



Z. Ye et al. | Desalination and Water Treatment 52 (2014) 6040-6049

6044

“JUNOD UOTeIId [€10) D], “SI[OIME SANJRIOQR[[0D A[eUOnNISUI-IdIUIL D) “S[d1Ie 9)nsul S[SUIS :J§ ‘SI[ONME JO IOqUINU [€)0} I, :SIION

jan!
89°81
1091
Ly'6¢
[4R
€0'CC
09¢ClL
L1°0¢
[4pAl
99v¢C
£0°¢C
Le'ae
L9°€l
§9°6¢
€rel
9¢'¥¢
¢LSe
€6°0¢
€0'8¢
|} A4

ds/DL

L16°1
L10Y
1981
9996
¥16'cl
006°¢
¥€9°C
0eET1
895°L
P87l
¥EV'6
LTyl
0L%'C
€49'CC
78€9
G98'61
689°C€
04171
AN
79968

JL

8¥'8¢
€roc
9961
10'I9
L1°€9
1eve
cLLe
v'is
09°L¢
{(WAY
€9°¢e
8V €Y
evel
Qe Ly
qeve
10°2¢
08°€y
6€CC
96'CYy
[ pd

(%) dS

Gl
] X4
el
8¢¢
]84
LL1
60¢
Ly
(4354
LYS
607
Y94
[4:18
788
9¢s
608
1Tl
L2£9
454!
681°E

dO

pareroqe[reo-A[euoreuajuy

€Cy

I8¢
oret
€L°LC
qlec

8Y'8
qcol
90°¢cc
yARC]
L LT
LE91
9491

906
€LCC

06°2
2961
§0°5¢
€L91
04°6¢
99'8¢

ds/DL

LT
91
1¥9°9
¥€4'8
6e0’z
0£9'%
9846’S
906’6
$/8°01
66691
60C°€1
98C'C1
0€9°01
9ve'TT
$06'C1
0602t
198°0¥
£97°6€
888'8¥
819'/£T

oL

cS'IL
£8'€9
Gqe08
66'8Y
€8'9¢
69°92
8CCL
6587
0¥°29
9/°CS
£E'99
[
2998
499°¢q
§99°6L
66'C9
0C9¢
19°ZL
Gq0°29
8¥'¢L

(%) dS

6¢C
08¢
£0S
qle
(474
169
ava
6vv
L1L
119
208
€EL
AN
€86
791
LLET
1€9°1
LvE'T
2061
61€'8

ds

Anpunod-a13urg

1744
969
1€9
€¥9
299
8¢L
474
1449
6711
8SL'L
917’1
L6C'1
Geel
£98°1
0912
981C
206'C
yo'e
vee'e
8LV11

dL

pueoq
eISSIy|
uemre],
sprewrua(
pueezZIMg
[1zeig

©AIOY YInog
uapamg
uredg
SpueIayIaN
Ao
erensny
e1puy

ouer]
eunyD
epeue))

AN

uede(
Aueurron

vsn

Anpuno)

S9[OTIE JO JSQUINU [e10} U0 paseq AI1031119) / Anjunod aanonpoiad jsowr gz doT,

[ CLAN



6045

Z. Ye et al. | Desalination and Water Treatment 52 (2014) 6040-6049

“JUNOD UOTJRI [€10} DT, “‘SI[ONIE SARIOGR[[0D A[[EUONNIISUI-IdIUL D) “SOPNIe 2nnsul S[SUIS :JG ‘SO[ONME JO IIqUINU [€)0} ], :S9ION

€Cie
6€°LC
a¥'6c
0¥'s¢
YL LT
98°6¢
¥8cc
86'GE
c0°0¢
G96'SYy
€ree
87°'8¢
6491
8€¥¢C
68'GC
16'8C
€6'1¥
€0°LE
oyl
€r'ot

ds/DL

£98°¢
196°¢
L16°¢
¥20°¢
S6¥'e
605
€0C'y
68€F
VLY
£76'S
s0T’'s
186°S
699°C
8L
Ty
20¢’s
¥10°6
1€€°6
668'C
¥19'C

oL

0€99
qre9
869
VANS)
2029
a0vL
129
9989
88'V.
a¥'69
€V°0L
8978
0899
98'9L
96'¢9
99°04
Ve LL
19708
ores
€69

(%) 4D

0cL
0cl
el
Ict
9Cl
a1
8¢l
acl
841
6cCl
a1
01¢
691
961
991
€81
qlc
44
61
8¢¢

do

JATIRIOCR[[0D A[[eUonNISuI-I9u]

€cal
€019
08°'9€
9¢°LC
9¢'ce
€re9
88°V¢E
LL°8C
€re9
99'9¢
yeve
L2'¢ce
€eae
[40a°r4
£9°9¢
QL L1
QL9Y
19°¢y

8V'€
0911

ds/dL

626
096'C
4844
£661
L
9¥e’e
12T
¥L¥'C
9pe’e
SheT
eeec
el
9/8'1
9U¥'1
8/£C
6VE1
Sh6'T
099'C
909
£50T

oL

04°€e
a8'0¢
€L0¢€
€9°LE
€6°LE
86°GC
98°LE
a1y
[48°14
qq 0¥
L9°6C
el
0cee
1484
q09¢
ve6c
99°¢¢
676l
069%
69°0¥

(%) dS

19
8¢
69
€L
LL
€9
82
98
€9
88
89
8¢
78
69
€6
9L
€9
19
VL1
LL1

ds

Injnsur-a[3urg

181
881
6l
¥61
€0¢
¥0¢
90¢
80¢
Lic
L1¢
0€c
87¢
€a¢
qac¢
84¢
65¢C
84¢C
€le
W4
qev

dL

epeueD) ‘AJISIDAIUN IO

VS ‘eurjore)) "N JO AJsIoAtun

VSN ‘AopsIag JieD Jo Aysoarun
VSN ‘stae JIeD JO ANSIAIN

VS “ewoyep|Q Jo AIsmoatun

VS “UISUODSIM JO AJISIDATUN

VS “BIOSSUUIA JO AJSIDATUN

VS ‘Sexa, Jo Aysivanun

VSN ‘uojdurysep) jo Aysmanun
VSN ‘stouT([] Jo Ayis1aatun)

VSN ‘AeaIng Teor3o[099) gn

duel] ‘SYND

uredg “D18D

uede[ ‘040], Jo AysIoATun

epeue)) ‘0juoio], JO AJSISATUN

VSN “erd1099) jo Aysiaarun
Aueurian) “JOIqOIDIIA] SULIBIA “ISU[ SPUe[J XBA
VSN ‘AyisIoarun pIreare]

pISSIY[ “10G "PEOY URISSIIY

BUIYD) “S9OURIDG JO AWRPEIY 3SIUIY))

aynjusu

S9[oNIE JO J3qUINU [€10} U0 paseq saympsur aanonpoid jsowr gz dog,

€ 9[qeL



6046

Table 4

Z. Ye et al. | Desalination and Water Treatment 52 (2014) 6040-6049

Top 50 most frequent keywords used during 1991-2010 and in 4 five-year periods

Keyword

Sulfate
Reduction
SRB

Cells

Water
Removal
Oxidation
Expression
Growth
Acid

Sulfur
Sediments
Protein
Sulfate reduction
Rat

Iron
Purification
Characterization
Binding
Adsorption
Degradation
Bacteria
Human
Identification
Proteins
Model
Kinetics
Inhibition
Metabolism
Copper
Carbon
Sulphate
Anaerobic
Activity
Surface

Soil
Mechanism
System
Sulfide

Mice
Microbial
Receptor
Properties
Sodium
Analysis
Nitrogen
Nitrate
Proteoglycans
Oxygen
Formation

TP

6,585
3,510
3,022
2,827
2,731
2,522
2,326
2,305
2,263
2,156
2,127
2,081
1,954
1,923
1,918
1,883
1,878
1,783
1,689
1,627
1,576
1,535
1,530
1,505
1,405
1,360
1,354
1,318
1,305
1,253
1,221
1,215
1,209
1,163
1,152
1,145
1,101
1,078
1,059
1,042
1,037
945

915

910

903

897

896

882

877

873

91-10 R (%)

1 (16.41)
2 (8.75)
3 (7.53)
4 (7.04)
5(6.8)

6 (6.28)
7 (5.8)

8 (5.74)
9 (5.64)
10 (6.37)
11 (5.3)
12 (5.19)
13 (4.87)
14 (4.79)
15 (4.78)
16 (4.69)
17 (4.68)
18 (4.44)
19 (4.21)
20 (4.05)
21 (3.93)
22 (3.82)
23 (3.81)
24 (3.75)
25 (3.5)
26 (3.39)
27 (3.37)
28 (3.28)
29 (3.25)
30 (3.12)
31 (3.04)
32 (3.03)
33 (3.01)
34 (2.9)
35 (2.87)
36 (2.85)
37 (2.74)
38 (2.69)
39 (2.64)
40 (2.6)
41 (2.58)
42 (2.35)
43 (2.28)
44 (2.27)
45 (2.25)
46 (2.24)
47 (2.23)
48 (2.2)
49 (2.19)
50 (2.18)

91-95 R (%)

1 (15.73)
3 (7.04)
10 (5.41)
9 (5.49)
22 (3.77)
27 (2.97)
18 (4.41)
16 (4.68)
15 (4.84)
20 (3.88)
12 (5.16)
19 (4.24)
7 (6.12)
14 (4.85)
5(6.7)
23 (3.19)
2 (8.07)
6 (6.29)
8 (5.52)
50 (1.92)
25 (3.15)
26 (3.03)
11 (5.27)
13 (5.05)
4 (6.75)
39 (2.34)
29 (2.77)
21 (3.86)
17 (4.49)
64 (1.7)
51 (1.91)
1,661 (0.15)
35 (2.5)
35 (2.5)
55 (1.82)
46 (1.99)
38 (2.37)
41 (2.27)
40 (2.33)
72 (1.66)
80 (1.56)
28 (2.89)
43 (2.1)
55 (1.82)
107 (1.3)
59 (1.79)
83 (1.51)
31 (2.61)
65 (1.68)
59 (1.79)

96-00 R (%)

1 (16.38)
3(8.78)
4(7.2)

2 (8.99)
8 (5.75)
19 (4.22)
15 (5.48)
6 (6.34)
5 (6.35)
11 (5.65)
10 (5.67)
14 (5.55)
12 (5.63)
17 (4.91)
13 (5.56)
22 (4)
9(5.7)
16 (5.13)
7 (5.84)
29 (3.36)
25 (3.87)
24 (3.95)
18 (4.76)
20 (4.12)
21 (4.04)
31 (3.22)
43 (2.53)
26 (3.78)
27 (3.63)
45 (2.48)
33 (2.99)
23 (3.97)
28 (3.49)
35 (2.95)
30 (3.27)
32 (3.17)
37 (2.59)
50 (2.38)
40 (2.55)
53 (2.21)
60 (1.97)
37 (2.59)
47 (2.42)
44 (2.49)
51 (2.26)
47 (2.42)
70 (1.8)
33 (2.99)
46 (2.46)
51 (2.26)

01-05 R (%)

1 (16.53)
2 (8.88)
4 (7.52)
5(7.19)
3 (7.58)
6 (6.59)
7 (6.27)
8 (6.07)
10 (5.61)
9 (5.63)
13 (5.34)
12 (5.37)
15 4.7)
14 (4.71)
16 (4.59)
11 (5.41)
27 (3.48)
25 (3.54)
19 (3.73)
17 (4.41)
18 (4)
21 (3.67)
29 (3.35)
25 (3.54)
44 (2.5)
24 (3.61)
23 (3.64)
35 (3.04)
31 (3.21)
30 (3.32)
34 (3.15)
22 (3.66)
36 (3.02)
33 (3.16)
32 (3.17)
28 (3.38)
37 (2.84)
40 (2.69)
42 (2.67)
43 (2.62)
38 (2.78)
52 (2.31)
58 (2.19)
44 (2.5)
40 (2.69)
46 (2.46)
47 (2.41)
51 (2.32)
54 (2.26)
59 (2.15)

06-10 R (%)

1 (16.71)
2 (9.57)
4 (8.96)
6 (6.47)
5 (8.64)
3(9.33)
7 (6.43)
9 (5.68)
10 (5.62)
8 (5.82)
14 (5.09)
13 (5.33)
21 (3.77)
15 (4.74)
27 (3.31)
11 (5.45)
30 (2.99)
23 (3.62)
40 (2.72)
11 (5.45)
16 (4.34)
17 (4.31)
42 (2.7)
34 (2.92)
67 (2.07)
20 (3.93)
19 (4.09)
37 (2.8)
56 (2.33)
18 (4.21)
22 (3.64)
24 (3.52)
32 (2.97)
35 (2.89)
33 (2.96)
41 2.71)
31 (2.98)
28 (3.13)
36 (2.85)
26 (3.37)
25 (3.43)
76 (1.92)
53 (2.36)
64 (2.19)
48 (2.44)
64 (2.19)
38 (2.79)
150 (1.33)
62 (2.22)
54 (2.35)

Notes: TP: total number of keywords, R (%): rank and percentage of keywords in total articles.
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Table 5

Most frequently cited articles during 1991-2010

Year TC  TC/ Article/Journal Country

Y

1991 1,182 59  Requirement of Heparan-Sulfate for BFGF-Mediated Fibroblast Growth and USA
Myoblast Differentiation

1992 418 22 Identification of the BFGF Binding Sequence in Fibroblast Heparan-Sulfate UK, Australia

1993 531 30  The Relative Roles of Sulfate Aerosols and Greenhouse Gases in Climate USA
Forcing

1994 424 25 Water Activities, Densities, and Refractive-Indexes of Aqueous Sulfates and USA
Sodium-Nitrate Droplets of Atmospheric Importance

1995 958 60  Isis-4-A Randomized Factorial Trial Assessing Early Oral Captopril, Oral Argentina,
Mononitrate, and Intravenous Magnesium-Sulfate in 58,050 Patients with Switzerland, USA
Suspected Acute Myocardial-Infarction

1996 349 23  Late Proterozoic Rise in Atmospheric Oxygen Concentration Inferred from Germany
Phylogenetic and Sulphur-Isotope Studies

1997 1,031 74 The Complete Genome Sequence of the Hyperthermophilic, Sulphate- USA
Reducing Archaeon Archaeoglobus Fulgidus

1998 440 34  Novel Division Level Bacterial Diversity in a Yellowstone Hot Spring USA

1999 340 28  Transient Climate Change Simulations with a Coupled Atmosphere-Ocean Germany,
GCM Including the Tropospheric Sulfur Cycle Netherlands,

Sweden

2000 412 37  Atmospheric Influence of Earth’s Earliest Sulfur Cycle USA

2001 406 41 Oxygen Reduction on a High-Surface Area Pt/Vulcan Carbon Catalyst: A Germany
Thin-Film Rotating Ring-Disk Electrode Study

2002 284 32  Oligonucleotide Microarray for 165 rRNA Gene-Based Detection of all Germany
Recognized Lineages of Sulfate-Reducing Prokaryotes in the Environment

2003 254 32  Coagulation by Hydrolysing Metal Salts UK, Australia

2004 189 27 The Genome Sequence of the Anaerobic, Sulfate-Reducing Bacterium USA, Canada
Desulfovibrio Vulgaris Hildenborough

2005 193 32  Tubular Microbial Fuel Cells for Efficient Electricity Generation Belgium

2006 137 27  Symbiosis Insights through Metagenomic Analysis of a Microbial Consortium  Germany, USA

2007 158 40 Geochip: A Comprehensive Microarray for Investigating Biogeochemical, USA
Ecological and Environmental Processes

2008 155 52 Regulation of Inflammatory Responses by II-17F USA

2009 63 32 Manganese-and Iron-Dependent Marine Methane Oxidation USA

2010 22 22 Sulfur Dioxide Emissions in China and Sulfur Trends in East Asia Since 2000 USA, China

Notes: TC: total citations of articles from publication to 2010, C/Y: number of citations/year.

water and the main sulfate pollution route, water was
the main research field of sulfate removal [25].
Information on removal methods was also showed in
Table 4. SRB ranked the third, which indicated that
sulfate removed by SRB was the most concerned
method owing to its harmless and effective characters
[26]. Following SRB, adsorption and degradation also
had high ranks, implying that adsorption and
degradation were also effective methods to remove
sulfate. The higher rank of “degradation” indicated
that researchers concentrated on use biological
means to remove sulfate. All results proved that

biological method was the main method of sulfate
removal [27-29]. Numerous products were formed
during sulfate removal, among which sulfur and
sulfide were the most predominant [30]. Sulfur was
the ideal product of sulfate removal as it is insoluble
and recyclable. However, some by-products were also
produced, such as sulfide, sulfite, which caused great
concern to researchers due to the harm to environ-
ment [31]. Sulfide hydrogen, as one of the products,
was toxic and harmful to the nervous system. Because
of the toxicity of sulfide hydrogen, more emphasis
was placed on it to avoid its appearance [32].
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4. Conclusions

In this study, an alternative perspective on the glo-
bal research trends in sulfate removal was provided.
Bibliometric analyses were conducted, including anal-
ysis of patterns of publications, journal and subject
categories, country and institutional distribution,
distribution and changes of words in article titles,
author keywords, hot issues and most cited articles. A
total number of 40,134 journals were listed in the—SCI
subject categories. The subject category “environmen-
tal sciences” had the greatest number of output and
the most rapid growth, indicating a research emphasis
on the interactional relationship between sulfate and
environmental problems.

At the country level, the USA had won a dominant
position in research on sulfate removal by contribut-
ing the most articles, single-country articles, and inter-
nationally collaborative articles. China had the highest
growth rate in the number of articles since 2007 and
ranked second in 2010.

Chinese Academy of Sciences, Russian Acad. Sci.,
Harvard University, Max Planck Inst. Marine
Microbiol., and University of Georgia were the five
most productive institutions. Additionally, inter
institutional collaborations were more prevalent than
single institute. Analysis of the most cited articles
revealed that biological method was the main method
to remove sulfate in various fields. A new bibliometric
method, “word cluster analysis,” through synthetically
analyzing the distribution and changes of words in
article titles, author keywords, KeyWords Plus, would
help researchers realize the development of sulfate
removal research and establish future research
directions.

It can be concluded that the main field of sulfate
removal was water. The research in soil gradually
decreases in contrast to the gradual increase in water.
Biological method will continue to be the leading
research method. The adsorption method has a bright
prospect in the future. Sulfide will continue to be the
research hot spot due to its harm to environment.

In conclusion, Sulfate removal research trended
toward collaborative. USA was the leading country in
sulfate removal, which had significant influence on
the research. SRB earned more concern in sulfate
removal methods. Due to environmental and health
risk, one of the products of sulfate, sulfide was paid
more attention to avoid its appearance. Through anal-
ysis, sulfate removal research trends are shown to
researchers, which is helpful to establish future
research directions.
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