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Abstract: Clogging is inevitable when membranes with 0.45 µm pore size are used for the separation
of particulates from dissolved/colloidal forms in river water. This can lead to a shift in water quality
assessment and evaluation of geochemical fluxes. We studied the influence of clogging on the
concentration of trace elements, major anions, nitrate, and dissolved organic carbon (DOC) in the
filtrates after a sequential pass from 0.1 to 0.5 L of river water samples through the same 47 mm
membrane with 0.45 µm pore size. These experiments were carried out for the typical boreal rivers
of the Russian Far East, including the biggest one, Amur R., with different quantities of suspended
solids (SS) and anthropogenic load. The concentration of the major anions, nitrate, Si, DOC, and such
trace elements as Li, B, Ni, Cu, As, Sr, Rb, Mo, Ba, U did not depend on the water volume filtered.
However, filterable Al, Fe, Ti, Pb, Mn, Co, and most REEs showed a notable decrease in concentration
at an increase in volume filtered, at more than 100–200 mL of river water. Clogging membranes
with retention of colloids <0.45 µm was suggested as a reason for such a decrease. The quantity
of suspended solids and their grain size are the major factors that control clogging itself. Still, the
influence of clogging on the concentration of filterable forms depends on the share of coarse colloidal
forms. Moreover, retention of colloids <0.45 µm by the clogged membrane can bias the assessment of
particulate forms. Surpluses of particulate Fe, Al, Mn, Co due to clogging decline from 13–26% to
2–6% of suspended forms of these metals at the growth of SS in river waters from 10 mg/L to more
than 50 mg/L. For particulate REEs, the share due to membrane clogging varies non-linearly from
2–9% to 23–39%, depending on the initial concentration of filterable forms of REEs in the river waters.

Keywords: river water; filtration artifacts; dissolved; colloidal and particulate forms of metals;
water quality

1. Introduction

The variety of size-fractionated forms of chemical elements in a polydispersal system
of river water can be divided into dissolved (<0.001 µm), colloidal (0.001–1 µm), and
suspended particulate (>1 µm) forms [1]. However, in monitoring the quality of river
waters by their chemical composition, dissolved and suspended/particulate forms of
chemical elements are distinguished and separated most often by filtration through filters
with a pore size of 0.45 µm [2]. These “dissolved” and “suspended” (particulate) forms
differ considerably in both bioavailability and migratory capacity in rivers. Dissolved
forms are easily assimilated by organisms and are capable of long-distance transport in the
river stream. In contrast, suspended forms are less bioavailable and prone to sedimentation
and accumulation in bottom sediments. The place of colloids is not defined clearly at
this dichotomy division. Part of the colloidal forms (0.001–0.45 µm) are classified and
determined as dissolved, and the coarse colloids (0.45–1.0 µm) are categorized as suspended
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forms. The vital role of colloidal and particulate forms is a well-known peculiarity in the
migration of many chemical substances in rivers, including trace elements [3]. The correct
and unambiguous separation of dissolved, colloidal, and suspended forms is important for
assessing the water quality and the study of dissolved and sedimentary material migration
and transformation in river runoff.

Several problems are raised with filtration as a method to separate particulate, colloidal,
and dissolved forms of chemical elements, and especially trace elements in river waters.
Contamination during sampling and analysis was identified and overcome in general more
than 25 years ago by implementing clean techniques during sampling and processing, field
blanks, and improvement in the analytical methods [4]. However, methodological efforts
continue to enhance the consistency of sampling and treatment procedures [5]. The problem
connected with the distinction of colloids of different sizes from truly dissolved forms is
successfully decided by applying tangential flow ultrafiltration [6], especially by ultrafiltra-
tion in combination with dialysis techniques [7–11]. Field-flow fractionation techniques
combined with ICP-MS also provide valuable detailed data on trace element distribution
among organic and Fe-associated colloids in the range of 0.3 KDa to 0.45 µm [12,13].

Another problem is connected with the uncertainty in the separation between particu-
late and colloidal forms during filtration through the 0.45/0.22 µm membrane filters due to
the clogging of pores. Colloids smaller than 0.45/0.22 µm are retained in such cases, and the
filterable form concentration is reduced in a poorly predicted manner. This fact attracted
considerable attention and discussion more than 20 years ago [14–16]. At the same time,
according to the last review [17], the filtration artifacts due to clogging of 0.45 µm filters
continue to be a problem in obtaining a reliable concentration of filterable forms of such
metals as Al and Fe. A recent study of the possible influence of clogging during filtration of
the waters from some boreal rivers of the Russian Far East has confirmed a notable decrease
not only in Fe and Al, but also in Ti, Pb, Zr, Hf, Y, REEs in the filtrates after 0.45 µm mem-
branes, if more than 100–200 mL of samples processed [18]. Minimizing the sample volume
down to 50 mL is one option to solve the problem [5,19]. However, larger volume (0.5–1.0 L)
samples are usually used to separate the dissolved/colloidal from the particulate forms of
chemical elements in river waters by filtration through the 0.45/0.22 µm membranes [7–9].
Some regulators (e.g., USGS) recommend using capsule/cartridge filters with high filtering
capacity that are much less affected by the clogging [2]. Other countries [20,21] still widely
use 0.45/0.22 µm membranes susceptible to clogging at the separation of dissolved and
suspended forms during routine monitoring.

Moreover, filtration through the membrane of 0.45 µm with the following analysis
of the material collected continues to be one of the most common methods for assess-
ing the quantity and quality of riverine suspended solids [20,21]. In such case, the col-
loids < 0.45 µm retained by the clogged membranes will be analyzed as suspended forms.
There is plenty of data on the effect of clogging on the concentration of dissolved and
colloidal forms of chemical elements in the filtrates [14,16]. However, the influence of the
different controlling factors is not studied enough [17,18]. According to our knowledge,
the impact of clogging on the determination of suspended forms on the membranes has
not been evaluated yet.

The first objective of this paper is to estimate the influence of the clogging of 47 mm
membrane filters, with pore size 0.45 µm, on the concentration of a range of trace elements,
as well as major ions, nutrients, dissolved organic carbon (DOC) in the filtrates, depending
on the volume of river water filtered. Based on these results, we will outline to what degree
clogging affects the concentration of filterable forms of trace elements used in the water
quality assessment. Second, we try to summarize the major factors controlling the clogging
itself and its impact on the different chemical elements. The third goal of this paper is to
assess the influence of colloids retained by the clogged membranes on the determination of
particulate forms of trace elements. This assessment will compare the reduction of their
concentration in the filtrates with the content of particulate forms at the different levels of
suspended solids.
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2. Material and Methods
2.1. Study Area

The Russian Far East is a vast region stretching for more than 4000 km from the border
with Korea in the south to the Chukchi Peninsula in the north. High-latitude boreal and
subarctic climatic conditions with annual precipitation below 600 mm are typical for the
region’s north part. Small- and medium-sized rivers are typical there. The temperate,
boreal area that is a subject of study in this paper covers the south part of the Kamchatka
peninsula, Sakhalin Is., Khabarovsk, and Primorye regions with more abundant annual
precipitation up to 1000 mm and more copious river runoff. Besides small- and medium-
sized rivers, this temperate, boreal area is drained by the huge Amur R. with a watershed
of 1856 × 103 km2 (8th world rank) and an annual runoff of 344 km3 (14th world rank) [22].

Our study was carried out using the water samples from the downstream of Razdol-
naya R., a typical medium-sized boreal river on the western watershed of the Sea of Japan,
downstream of Bikin R. and Great Ussurka R., big tributaries of Ussury R. inputting to the
Amur R. near Khabarovsk city, and from the middle stream of Amur R. itself, the biggest
river of the region (Figure 1).
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Figure 1. (a) Scheme of the study area; triangles are the location of the sampling points, and the
numbers of samples are listed in Table 1. (b) Sampling 21 August 2020 across the Amur R. A-4
within the mainstream, A-5 (and A-2 in 27 February 2020) within the more turbid flow of Sungari
R. Satellite image for 19 August 2020 was available online from www.planet.com (accessed on
18 November 2020).
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Table 1. Chemical composition of the boreal rivers studied within the Russian Far East 1.

River # Date SS EC pH NO3− Cl− SO42− DOC

R-201 23.02.2020 5.2 247 7.46 1.53 20.9 25.1 4.1
R-210 25.05.2020 24 92 7.53 0.42 4.1 12.0 4.8

Razdolnaya R. R-91 25.07.2019 110 73 7.25 0.47 1.9 5.1 8.5
R-80 16.08.2018 270 98 7.20 0.56 4.4 8.4 8.0
R-83 20.11.2018 23 116 7.87 0.84 5.2 10.8 4.6

A-2 27.02.2020 9 103 6.96 0.51 5.2 14.3 6.6
Amur R. A-4 21.08.2020 69.4 56 7.10 0.17 1.3 4.3 9.3

A-5 21.08.2020 108.2 94 7.33 0.35 3.8 7.7 8.5

Great Ussurka R. R. U-2 13.08.2019 32 50 7.21 0.26 0.8 2.9 7.4

Bikin R. U-3 13.08.2019 30 38 7.09 0.07 0.6 3.9 14.7
1 SS, suspended solids, Cl−, SO4

2−; DOC, dissolved organic carbon in mg/L; nitrates in mgN/L; EC, conductivity
in µS/cm.

Razdolnaya R. is a transboundary river with a watershed of 16.8 × 103 km2 and an
average annual runoff of 2.37 km3. In total, 60% of the upstream watershed is situated
within China, and 40% of the downstream is within Russia. Watershed bedrock is presented
by a complex of sandstones, siltstones, basaltic intrusions, and unconsolidated products of
their weathering within the hilly forested landscapes. All riparian zones and the adjoining
valleys of tributaries are the areas with developed agricultural land use. Along with wastes
from several middle-sized cities, it leads to the deterioration of water quality in terms of
elevated content of the nutrients, suspended solids, and some metals [23,24]. The sampling
point was situated downstream of Razdolnaya R. (Lat. 43◦33′ N, Long. 131◦53.25′ E), about
thirty km northward of the river mouth. Five times from February to November, this
point was sampled to study the seasonality in the clogging influence on the analysis of
dissolved/colloidal and particulate forms.

The Ussuri R., together with its tributaries, the Great Ussurka and Bikin rivers, is one
of the main right tributaries of the Amur R. Watersheds of Great Ussurka R. and Bikin R.
before merging with Ussuri R., which are are 29.5 × 102 and 21.4 × 102 km2, respectively,
with average annual water runoff of 11.07 and 7.51 km3. The bedrock composition of the
Ussuri R. watershed is dominated by the volcanic sedimentary varieties of the cretaceous
Sikhote–Alin volcanic belt. Unlike Razdolnaya R., watersheds of the Great Ussuri R.
and Bikin R. are presented by the low and middle mountains covered by the coniferous–
deciduous forests (taiga). Economic development of this part is weak: agricultural lands
do not exceed 1.2% of the total watershed of the upper and middle stream of Ussuri R.,
compared with 11.5% for Razdolnaya R. Moreover, a sizeable part of the floodplain of the
Bikin R is occupied by wetlands. Great Ussurka R. (U-2) and Bikin R. (U-3) were sampled
in August 2019 for the study of the clogging influence at the high water regime, but with
modest content of suspended solids (Table 1).

Amur R. is also a transboundary river, with 53% of the watershed in the Russian
and 45% in the Chinese territory. The remaining 2% of the Amur R. upstream belongs to
Mongolia. The bedrock composition of the Amur R. watershed includes practically all
varieties of sedimentary and volcanic rocks due to the huge size of the basin. The majority of
the watershed within Russia is presented by mountainous forest landscapes with a limited
population. In contrast, a substantial portion of the biggest right tributary of the Amur R.
and Sungari R. flows through the Northeast Plain of Heilongjiang Province of China with a
population of 38 × 106 people and intensive agriculture and industrial development. This
leads to the different chemical composition of Sungari R. compared with the mainstream
of Amur R. Distinct flows presented by the major stream of Amur water and more turbid
flow from the Sungari R. were clearly observed even 200 km downstream of the Sungari
R. input to the Amur R. near the large city of Khabarovsk, where the sampling site was
situated (Figure 1b). A sampling of the middle stream of Amur R. was carried out during
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the ice cover period in February 2020 (A-2) and during the summer high water in August
2020 (A-4, A-5) for the study of the clogging effect at the contrasted water regime and for
variability in summertime due to the influence of the Sungari R.

The general characteristics of the samples studied are presented in Table 1. Water
sampled in wintertime during a low water regime (R-201, A-2) has elevated conductivity
(EC) due to a higher mineralization and concentration of major anions and nitrates but has
diminished, suspended solids (SS). During the high water regime in summer, boreal rivers
have elevated suspended solids and raised dissolved organic carbon (DOC). Such general
seasonality in chemical composition is explained by the seasonal changes in atmospheric
and groundwater, and soil water sources in the boreal river runoff [25].

2.2. Sampling, Processing, and Filtration

Water sampling was carried out from the riverbank 2–3 m offshore at a 0.3 m depth
using a pre-washed PE container attached to a fiberglass pole. A rubber boat was used for
the sampling at the cross-section of the Amur R. Before filling, pre-cleaned containers were
rinsed several times with sampled water. Containers were packed into the hermetic cooled
plastic bags for transportation to the lab. Processing and filtration were carried out within
several hours after sampling upon returning to the laboratory in the clean laminar flow
bench CLEATECH® with HEPA filtered air. All filters and filter holders were thoroughly
washed and rinsed with 0.1M HCl, and 3–4 times with plenty of Milli Q water.

A one-liter subsample was filtered through the pre-cleaned Pall® GWV capsule filter
0.45 µm using MasterFlex® peristaltic pump. First, 50–100 mL of capsule filtrate was used
to rinse the 30 mL glass bottles for the DOC, major ions, and nutrients analysis, and 50 mL
acid-cleaned PP capped tubes for the trace elements analysis. Subsamples in the PP tubes
were acidified by ultrapure HNO3 to pH~2 for further ICP-MS analysis. The results of these
filtrates are considered as a concentration of dissolved and colloidal forms < 0.45 µm (Ci).
The large filtration capacity of the capsule (~700 cm2) pays no attention to the clogging, and
it is confirmed by the constant rate of filtration of at least several liters of river water. Last
decade, we used such capsule filters to study the chemical composition of the boreal rivers
of the Russian Far East [26,27]. Filtration of 250 mL Milli Q water was used as a procedural
blank to assess possible contamination during the filtration procedure.

Another subsample was used to study the influence of membrane clogging on the
composition of filtrates. For this purpose, the 500 mL water sample was filtered in five
100 mL portions through the pre-weighted 47 mm Millipore Durapore membrane with
a pore size of 0.45 µm using a polycarbonate Sartorius filter holder. Already pre-cleaned
holders with filter were rinsed twice with Milli-Q (18 Mom) water directly before filtration
with attaching gentle vacuum (0.2–0.3 bar) for drying and further filtration. Five 100 mL
portions were consecutively filtered through the same membrane, and each filtrate portion
was analyzed as a separate sample. The initial subsample was agitated before each filtration
step. Filtration time (t, min) was registered by a stopwatch to control the clogging process
and to calculate filtration rate v (mL/min) = 100/t. Then, 30–50 mL of each filtrate portion
was used to rinse the sample storage bottles. Filtrates for the major anions, nutrients, and
DOC were collected in the 30 mL glass bottles, trace elements in the 50 mL acid-cleaned
PP capped tubes with the following acidification by ultrapure HNO3 to pH~2. Filtration
of 100 mL Milli-Q water was used as a procedural blank to assess possible contamination
during the filtration procedure.

Membranes after filtration with retained suspended solids were used for the determi-
nation of the amount and chemical composition of suspended matter (Cp). A volume of
500 mL was often enough to obtain 20–100 mg of suspended matter, but 1 L samples were
used at the minor content of suspended solids (2.6–8.1 mg).

All bottles and tubes used for the sampling and sample storage and filtration equip-
ment (holders, tubes) were cleaned by detergent wash, soaking in 1 M HCl, thoroughly
rinsed with distilled water, then by Milli-Q water, dried, and stored in clean laminar bench.
Before each new sample, the filtration system was rinsed with Milli-Q water, 0.1 M HCl,
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and again with Milli-Q water. Persons involved in the sampling and filtration procedures
used disposable plastic gloves.

2.3. Analysis of Water and Suspended Solids

The instrument YSI Pro Plus® measured temperature, pH, and conductivity (EC) as a
measure of total mineralization at the sampling points. The change in pH during filtration
was checked by a Mettler Toledo Seven Compact pH-meter with a combined electrode
calibrated against buffer solutions (pH of 4.01 and 6.86 at 25 ◦C). The accuracy of pH
measurements was ±0.02 pH units. Filtered samples for DOC (dissolved organic carbon),
major anions (SO4

2−, Cl−), and nutrients (NO3
−) were stored in the refrigerator before

the analyses. DOC was analyzed by high-temperature catalytic oxidation using carbon
analyzer Shimadzu TOC cpn with an uncertainty better than 3%. The DOC blanks of filtrate
did not exceed 0.1 mg/L, which is less than 5% of the DOC values in the studied river
waters. SO4

2−, Cl−, and NO3
− were analyzed by ion-chromatography on Shimadzu LC-10

with an uncertainty 4–5%. Suspended solids (SS) content was evaluated by the weighting
of Millipore membranes after filtration of 0.5–1 L water samples and drying at 80 ◦C. The
grain size of the suspended solids (SS) of Razdolnaya R. and Amur R. was measured by
laser scattering with the instrument Fritsch Analizette 22 Nano in the samples with SS
content of more than 100 mg/L.

The concentrations of filterable forms of trace elements were analyzed in the acidified
filtrates for the range of elements from Li to U by Agilent 7700× inductively coupled plasma
mass spectrometer (DVGI, FEBRAS) with In as internal standard. Highly diluted acid
digested standards of bottom sediment BCSS-1, and CRM-TMDW-A (certified reference
material trace metals in drinking water, HighPurity Standards, USA) were measured every
20 samples to check the accuracy and reproducibility of the ICP-MS analysis. The difference
with certified values did not exceed 15% and was considered acceptable. The results of
analysis of the filtration blanks were less than 10% of the concentration in the samples of
most trace elements except Zn with filtration blank compared with the concentration of Zn
in filtrate samples (0.2–0.4 µg/L). For this reason, Zn is not discussed further in this paper.
Some apparently contaminated results for the filterable forms Pb, Cr, and Cd were also
excluded from the data analysis.

The concentrations of elements in the river-suspended solids were analyzed by AAS
for Fe, Mn, Cu, Ni, Pb, Cd, and by the ICP MS method for the elements from Li to U.
Suspended solids on the filter were fully digested by HF-HNO3 mixture and diluted by
2% HNO3 before ICP MS analysis. A small amount (30 mg) of standard bottom sediments
(BCSS-1 and CRM 8704) was digested in the same way and analyzed along with every
20 samples. The difference with certified values did not exceed 15%. A clean filter without
suspended matter was acid digested and analyzed as a blank.

The significance of the decline trends in the concentration of elements in filtrates at
the increase in volume filtered, and the difference in clogging effect between chemical
elements was assessed by the Mann–Kendall non-parametric test using a statistical package
PAST3 [28].

2.4. Evaluation of the Loss of Filterable Forms Due to Clogging, and Share of Colloids Retained
during Clogging in the Content of Particulate Forms in the 0.45 µm Membranes

Several ways could assess the loss of filterable forms due to clogging. It is possible to
use the difference between concentrations after filtration of the first 100 mL portion and
the last one: ∆Ci = C100 − C500, and to normalize this difference by the concentration Ci of
filterable forms after capsule filter practically without clogging: Ki = ∆Ci/Ci [18].

Another way to estimate the influence of clogging on the concentration of filterable
forms is to compare the amount in all five portions of filtrates (Vj × Σ Cj) with content in the
filtrates after the capsule without clogging (Ci ×Vi) and to present it as a share of losses (L clog)
due to clogging during filtration of 0.5 L of sample: Lclog = (Ci × Vi − Vj × Σ Cj )/ Ci × Vi
with a range from 0 to 1. Such an approach is used in this paper.
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The amount of colloidal forms retained by clogged membranes after filtration de-
pended on the volume of the sample filtered and was assessed by the decrease in concen-
tration of chemical elements in the filtrates due to clogging: Aclog = Ci × Vi − Vj × Σ Cj,
where Ci—concentration in the filtrate < 0.45 µm without clogging; Vi—overall volume of
sample filtered (0.5 or 1.0 L); Vj—the volume of portion at the successive filtration (0.1 L);
Cj—concentration in the successive portions of filtrates. Aclog should be normalized by the
Vi for the direct comparison with the concentration of elements in the dissolved/colloidal
and suspended forms in the river waters.

Comparison of the concentration of colloidal forms retained at clogging (Aclog) with
the overall quantity of particulate forms determined after analysis of the membranes (Cp)
estimates the share of particulates due to the clogging of the membranes: Aclog/Cp.

3. Results
3.1. Concentration of Filterable and Particulate Forms of Trace Elements in River Waters

Data on the concentration of the filterable forms of trace elements obtained after
capsule filters 0.45 µm practically not affected by clogging are presented in Table 2 in
comparison with data on <0.45 µm fraction for the permafrost free rivers of the West
Siberian Lowlands [11] and world-averaged data for rivers [3]. For many elements (e.g., Li,
B, Sc, Ti, Ni, Cu, As, Rb, U, Mn, Co, V, Cr), ranges of concentrations in the boreal rivers of
the Russian Far East were close to those of the West Siberian Lowland rivers and world
averages regardless of season, although for some elements (Li, B, Mn), seasonal changes
are obvious. Our data for these elements are also similar to the previous studies for Amur
R. [29]. At the same time, the concentrations of filterable Al, Fe, and REEs observed in the
rivers studied compared with the world average were rather diverse depending on the
season. At the low water regime and low suspended solids in winter, the concentration of
these elements was close to the world average [3]. However, at the high water regime and
with an elevated content of suspended solids (SS), the concentrations of filterable forms
of Al, Fe, and REEs were 2–3 times higher than the world average. An increased content
of dissolved organic carbon (DOC) up to 14.7 mg/L in Bikin R. was also accompanied by
elevated concentration of filterable Fe, Al, and REEs compared with the world average and
rivers of the West Siberian Lowland (Table 2).

Table 2. Concentration (Ci, µg/L) of 0.45 µm filterable 1 forms of trace elements in the boreal rivers
of the Russian Far East compared with permafrost-free West Siberian lowland Rivers (WSLR) [11]
and World average [3].

Razdolnaya R. Amur R. Ussury R. WSLR World

Elements R-201 R-210 R-91 R-80 R-83 A-2 A-4 A-5 U-2 U-3 [11] [3]

Li 2.9 1.5 1.0 1.4 1.9 1.9 1.5 2.2 0.7 0.8 2.7–3.2 1.8
B 44.0 17.8 13.4 nd nd 15.2 7.2 15.5 4.3 9.2 15–37 -
Al 72.0 299.9 142.7 30.7 334.0 167.5 198.4 191.8 37.7 91.0 7.3–79 32
Si 8406 5701 9349 10,087 11,378 4468 4554 4729 5491 5627 6500 -
Sc 0.04 0.08 0.08 0.07 0.13 0.10 0.09 0.08 0.04 0.10 nd 0.07
Ti 0.24 7.30 6.34 1.48 12.03 3.94 5.60 4.89 1.16 1.26 0.6–6.5 0.49
V 0.28 1.24 2.05 1.31 0.91 0.48 0.86 1.15 0.36 0.63 0.51–0.79 0.71
Cr 0.12 0.39 0.52 0.30 0.95 0.35 0.39 0.36 0.89 1.38 0.18–0.28 0.7
Mn 129.0 10.4 11.1 41.5 45.7 21.9 6.1 3.0 4.5 14.7 10–62.8 34
Fe 127.9 234.2 158.5 79.2 291.7 314.1 329.6 219.8 191.9 312.0 61–236 66
Co 0.31 0.12 0.14 0.37 0.32 0.12 0.08 0.09 0.06 0.12 0.10–0.17 0.15
Ni 1.28 0.98 1.94 1.67 1.36 0.88 0.95 1.29 0.96 1.29 0.87–1.62 0.80
Cu 0.87 0.94 1.91 1.36 0.97 0.98 1.21 1.68 1.44 1.51 0.52–1.45 1.48
As 0.48 0.78 0.79 0.88 0.59 0.47 0.93 1.03 0.95 0.70 0.77–1.29 0.62
Rb 1.01 0.52 0.52 0.84 0.86 0.83 0.66 0.89 0.62 0.86 1.0–1.3 1.63
Sr 175 72 57 78 89 84 58 95 39 42 95–326 60
Y 0.06 0.19 0.55 0.74 0.21 0.32 0.56 0.42 0.47 0.82 0.02–0.18 0.04
Zr 0.09 0.39 0.63 0.39 0.87 0.36 0.46 0.48 0.19 0.35 0.03–0.17 0.04
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Table 2. Cont.

Razdolnaya R. Amur R. Ussury R. WSLR World

Elements R-201 R-210 R-91 R-80 R-83 A-2 A-4 A-5 U-2 U-3 [11] [3]

Mo 0.45 0.48 0.34 nd 0.55 0.41 0.46 0.93 0.30 0.55 0.28–0.29 0.42
Cd 0.005 0.002 0.004 0.009 0.004 0.005 0.004 0.004 0.009 0.016 0.002–0.012 0.080
Ba 22.9 12.0 9.6 16.6 16.7 18.3 12.5 19.6 7.8 11.0 23–42 23
La 0.031 0.199 0.400 0.686 0.175 0.341 0.664 0.479 0.414 0.761 0.01–0.19 0.120
Ce 0.047 0.380 0.688 1.139 0.401 0.468 0.990 0.701 0.575 1.227 0.01–0.26 0.262
Pr 0.008 0.049 0.109 0.181 0.046 0.086 0.156 0.113 0.113 0.206 0.002–0.044 0.040
Nd 0.039 0.199 0.483 0.773 0.201 0.353 0.633 0.457 0.481 0.878 0.008–0.188 0.152
Sm 0.009 0.044 0.112 0.165 0.046 0.075 0.129 0.092 0.112 0.195 0.002–0.043 0.036
Eu 0.004 0.009 0.025 0.035 0.011 0.014 0.024 0.019 0.023 0.043 nd 0.010
Gd 0.015 0.044 0.119 0.171 0.048 0.070 0.128 0.095 0.115 0.200 0.003–0.047 0.040
Tb 0.0015 0.0064 0.0168 0.0224 0.0066 0.0098 0.0174 0.0134 0.0166 0.0277 nd 0.0055
Dy 0.009 0.035 0.094 0.126 0.039 0.051 0.090 0.070 0.085 0.153 0.002–0.042 0.03
Ho 0.002 0.007 0.019 0.025 0.008 0.011 0.018 0.014 0.017 0.030 nd 0.007
Er 0.009 0.023 0.057 0.072 0.023 0.033 0.055 0.044 0.047 0.083 nd 0.02
Tm 0.0012 0.0031 0.0075 0.0098 0.0034 0.0047 0.0074 0.0057 0.0066 0.0114 nd 0.0033
Yb 0.0088 0.0193 0.0474 0.0603 0.0232 0.0310 0.0466 0.0355 0.0404 0.0714 0.002–0.022 0.017
Lu 0.0015 0.0032 0.0072 0.0098 0.0036 0.0048 0.0071 0.0053 0.0065 0.0108 nd 0.0024
Hf 0.0032 0.0116 0.0131 0.0097 0.0216 0.0108 0.0138 0.0149 0.0046 0.0117 0.002–0.023 0.0059
Pb 0.035 0.147 cont 0.117 cont 0.099 0.141 0.141 0.260 cont 0.003–0.457 0.089
U 0.184 0.109 0.133 0.140 0.129 0.166 0.196 0.221 0.050 0.048 0.18–0.45

1 Data on filtrates after capsule filter Pall GWV with pore size 0.45 µm. nd, not determined; cont, contamination.

The concentrations of trace elements in the river particulates (on the dry weight basis)
are listed in Table 3 in comparison with data for suspended solids of the permafrost-free
west Siberian lowland rivers (WSLR) [30] and world average [31]. There is a notable sea-
sonal difference in the chemical composition of suspended solids in the rivers studied. Still,
the general commonality with world-averaged data for alumosilicate riverine suspended
solids [31] is obvious. However, our data are characterized by an increased level of Al, Pb,
and REEs compared with suspended solids of the West Siberian lowland rivers, having a
larger share of organic matter [30].

Table 3. Concentration 1 of trace elements in the suspended solids of the boreal rivers of the Russian
Far East.

Elements
Razdolnaya R. Amur R. Ussury R. WSLR World

R-201 R-210 R-91 A-2 A-4 A-5 U-2 U-3 [30] [31]

Li 47.8 40.2 24.7 33.8 41.3 35.8 46.7 32.7 15.6 8.5
Al 6.18 6.30 4.10 7.04 8.89 5.94 5.49 5.75 3.09 8.72
Sc 14.5 15.1 10.3 12.7 14.9 10.8 10.3 10.8 - 18.2
Ti 0.29 0.48 0.45 0.35 0.47 0.51 0.32 0.33 0.78 0.44
V 86 96 99 77 84 88 78 81 61 129
Cr 93 61 78 59 54 53 56 56 43 130
Mn 1051 1654 932 1604 1474 1046 1112 1155 14219 1679
Fe 11.86 4.84 4.22 6.50 4.37 4.38 3.66 4.09 7.56 5.81
Co 13.0 16.1 13.8 13.1 14.4 11.9 11.4 11.2 32.7 22.5
Ni 34.4 33.3 40.6 26.6 25.4 25.7 27.4 24.1 26.9 74.5
Cu 32 13 30 15 17 21 26 20 16 75.9
As 11.0 7.2 10.1 9.8 11.8 13.0 8.6 5.4 34.8 36.3
Rb 79.1 30.0 14.2 71.1 61.4 28.2 33.1 27.0 36.3 78.5
Sr 412 155 131 301 312 212 152 192 180 187
Y 31 24 14 27 25 15 15 13 9.8 21.9
Zr 162 120 109 138 141 126 100 107 35 160
Mo 0.66 0.76 0.99 1.60 1.37 1.18 1.28 1.26 0.49 2.98
Cd 0.16 0.12 0.18 0.17 0.14 0.11 0.41 0.34 0.35 1.55
Ba 376 307 341 454 590 480 431 477 617 522
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Table 3. Cont.

Elements
Razdolnaya R. Amur R. Ussury R. WSLR World

R-201 R-210 R-91 A-2 A-4 A-5 U-2 U-3 [30] [31]

La 32 27 15 45 36 20 18 18 14 37.4
Ce 62 59 41 80 74 46 44 42 29 73.6
Pr 8.6 7.3 4.5 10.6 9.5 5.3 5.3 5.0 3.2 7.95
Nd 33.1 28.5 18.1 39.5 35.6 20.7 20.9 19.5 12.4 32.2
Sm 7.0 6.1 4.1 7.6 7.0 4.3 4.5 4.0 2.5 6.1
Eu 1.4 1.2 0.9 1.4 1.4 0.9 0.9 0.9 0.6 1.3
Gd 7.0 5.8 4.0 6.9 6.3 4.0 4.3 3.8 2.5 5.3
Tb 1.0 0.9 0.6 1.0 0.9 0.6 0.6 0.6 0.34 0.82
Dy 5.4 4.8 3.3 5.2 4.9 3.3 3.4 3.0 1.9 4.3
Ho 1.1 0.9 0.7 1.0 0.9 0.7 0.7 0.6 0.36 0.88
Er 3.0 2.7 2.0 2.9 2.8 1.9 1.9 1.8 1.1 2.2
Tm 0.4 0.4 0.3 0.4 0.4 0.3 0.3 0.3 0.15 0.38
Yb 2.5 2.4 1.8 2.6 2.6 1.8 1.9 1.7 1.0 2.1
Lu 0.4 0.4 0.26 0.4 0.4 0.3 0.27 0.25 0.14 0.35
Hf 0.0 2.4 2.9 2.3 3.5 3.2 2.7 2.8 4.8 4.0
Pb 21.8 22.9 21.7 26.6 25.2 23.8 28.6 24.8 12.8 61.1
U 1.7 2.6 2.5 4.1 5.5 3.8 3.2 2.3 0.8 3.3

1 Al, Fe in %, other elements in µg/g dry weight.

3.2. Clogging during Filtration through Membrane Filters

The filtration rate of 2–3 L of river water samples did not change using the capsule fil-
ters Pall GWV with a pore size of 0.45 µm, reflecting the lack of notable clogging. However,
the filtration rate through the 0.45 µm 47 mm membrane begins to decline even after the
first 100 mL, as is registered by increased filtration time (Figure 2a).
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Figure 2. (a) Dynamic of the filtration rate (ml/min) decrease at the successive filtration of river
water samples. (b) Dependence of the filtration rate on the first 100 mL of water with different
concentrations of suspended solids SS (mg/L). (c) Dependence of the filtration rate on 500 mL water
samples. R, U, A, Razdolnaya R., Ussuri R., and Amur R., respectively.

Clogging becomes sizeable after filtration of the 100–200 mL. After filtration of
400–500 mL, the filtration rate drops 5–15 times compared with the initial portions. Within
the same river (e.g., Razdolnaya R.), the growth of suspended matter content leads to
a faster decrease in the filtration rate, but the dynamic of this drop is different for the
rivers studied. It is especially notable at the concentration of suspended solids of more
than 50 mg/L (Figure 2b). Water from Amur R. with suspended solids, having pelitic
(<0.01 mm) fraction less than 80%, shows one order higher filtration rate than the water of
Razdolnaya R. where suspended solids contain 92–98% of fractions < 0.01 mm (Figure 2b).
The difference between rivers is smoothed out by filtering the entire sample volume of
500 mL (Figure 2c).
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3.3. Influence of Clogging on the Concentration of Major Ions, Nutrients, DOC

The behavior of the major anions and DOC at clogging of the membranes was tested
for certain samples only because a negligible response of major ions to the clogging has
been shown clearly elsewhere [32]. Our previous results for the Razdolanya R. and for
Tumen R. with different mineralization and content of suspended matter support it [18].
Concentrations of major anions (sulfate, chloride, and nitrate ions) and DOC continue to
be the same in the filtrates, with coefficients of variation (CV) less than 10% regardless of
the water volume filtered. The difference between capsule and membrane filters was also
negligible.

3.4. Influence of Clogging on the Concentration of Trace Elements in the Filtrates

Several groups are distinguished among trace elements by the change in concentration
in filtrates along with the filtration volume increase from 100 to 500 mL and correspondent
clogging of the membranes.

The first group includes Fe, Al, Ti, Pb. The concentration of these elements in filtrates
showed the most significant decline with filtration volume growth, especially at the first
increment from 100 to 200 mL. The rate of concentration decreases the slowdown in the
following portions of the filtrate (Figure 3 for Fe, Al, Ti, and Table S1 for Pb). The initial
concentration of the forms of these elements responding to the clogging seems to be a major
reason controlling their behavior during filtration. The similar initial concentrations were
accompanied by the analogous dynamic of concentration decrease in filterable forms (e.g.,
A-2 and U-3 for Fe, R-201 and R-91 for Al, Figure 3) even at the quite different suspended
solid content and clogging rate (Figure 2). The reduction of filterable Fe, Al, and Ti due to
clogging in the Razdolnaya R. water was more pronounced compared with Amur R. and
Ussuri R. waters (Figure 3a–c vs. Figure 3d–f), especially at the level of suspended solids
less than 50 mg/L. The difference between filtrates after capsule filters and first 100 mL
subsamples was within the 10–15% of concentrations observed or showing some decrease
in distinct clogging (e.g., R-91 at Figure 3a–c).
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Figure 3. The concentration of Fe (a,d), Al (b,e), and Ti (c,f) (µg/L) in filtrates obtained at the capsules
(GWV) after 500 mL and Millipore membranes after filtration of 100, 200, 300, 400, 500 mL for waters
from Razdolnaya R. (upper panel) and Amur R./Ussuri R. (lower panel). Bars on Figures 3–5 reflect
standard errors of analysis.
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The second group of elements consists of REEs, and such low solubility in oxygenated
river water elements as Y, Zr, Hf, Sc, Cr. A notable decrease in concentration in the filtrates
was often observed for these elements at the rise of water volume filtered through the
membrane (Figure 4 for Y, Ce, Dy as an example; see Supplementary Materials Table S1 for
others).

At the low content of suspended solids and weak clogging, the decrease in REEs and
other low soluble metals in the filtrates becomes negligible at the small initial concentration
(e.g., Ce in R-201) or gradual at the elevated initial concentration (Ce in U-3) (Figure 4b,e).
Such a pattern was observed in the Amur R. and Razdolnaya R. in wintertime (A-2 and
R-201) and in the Bikin R. in summer as well.
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Figure 4. The concentrations of Y (a,d), Ce (b,e), and Dy (c,f) (µg/L) in filtrates obtained at the
capsules (GWV) after 500 mL and Millipore membranes after filtration of 100, 200, 300, 400, 500 mL
for waters from Razdolnaya R. (upper panel) and Amur R./Ussuri R. (lower panel).

The behavior of Mn and Co during clogging of the membrane filters is varied de-
pending on the season, initial concentration in the river, and content of suspended solids
(Figure 5). At the high initial concentration and low suspended solids in the Razdolnaya R.
in winter, dissolved Mn and Co did not respond to the clogging at all (Figure 5a,b). The
Amur R. concentration of Mn and Co in winter showed a slight decline, probably due to
diminished initial concentrations (Figure 5c). During warm seasons, the decrease in Mn
concentration in the filtrates is more gradual compared with Fe and Al or REEs. At the
same time, in all our experiments with high suspended solids content, the concentration of
Mn in filtrates after 400 mL decreased to 0.4–0.6 µg/L regardless of variations from 4 to
42 µg/L after the first 100 mL (Figure 5a). Another dynamic of Mn decrease along with
clogging was observed at low suspended solids in the autumn (R-83) when the original
high concentration of Mn gradually declined only from 48 to 29 µg/L after filtering 500 mL
sample. In spring (R-210), dissolved Mn decreased from 11 to 6.5 µg/L at low suspended
solids (Figure 5a). A similar in general but less contrasting change of concentration in
filtrates along with clogging was observed for Co (Figure 5b,d).
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Figure 5. The concentration of Mn (a,c) and Co (b,d) (µg/L) in filtrates obtained in the capsules
(GWV) after 500 mL and Millipore membranes after filtration of 100, 200, 300, 400, and 500 mL for
Razdolnaya R. (upper panel) and Amur R./Ussuri R. (lower panel).

The last group is presented by a wide range of elements Li, B, Si, Ni, Cu, As, Sr, Rb,
Mo, V, Ba, and U. The concentrations of these elements in filtrates did not depend on the
volume filtered and type of filters (Supplementary Materials, Figure S1 for Si, Sr, Ni, As,
Cu, U and Table S1 for others). This group includes elements with quite different chemical
properties. Still, a common feature is probably the minor role of large colloids in the balance
of migration forms in the rivers studied. For some elements of this group, the dominance
of ionic forms in river waters is consistent with their general chemical properties, but for
Cu and Ni, it is possibly the complexes with organic compounds, including colloids, but
small ones passing through the clogged membranes. The migration of Cu and Ni mainly in
the form of dissolved complexes or small organic colloids with a size <10 kDa has been
shown for the rivers of the boreal zone [7,11].

4. Discussion
4.1. Factors Controlling the Clogging and the Loss of Filterable Forms of Trace Elements

The mechanism of clogging of the filter media was studied in most detail in the
research of fouling in the operation of wastewater treatment systems [33–35]. The pore
blocking and cake layer formation together provide the clogging of filter media with a
notable diminishing of effective pore size [36]. The retention of colloids less than the
nominal cut-off is an obvious result of the clogging. The quantity of the suspended particles
and coarse colloids in the water to be filtered is a significant factor affecting the clogging
of the filter media [14,33]. Suspended sediment grain size distribution is another crucial
factor influencing clogging [14]. Colloidal organic matter can take part in clogging as
well [16]. Our results on the change of the filtration rate at the different suspended solids
(SS) content (Figure 2b,c) confirm its leading role in controlling the clogging process. A
more intensive clogging at the growth of SS was observed for all rivers. Still, the dynamic
of filtration rate decline varied from the river to river, especially during filtration of the
first portions (Figure 2b). The difference in the SS grain size is a probable reason. The drop
of filtration rate at the growth of volume filtered indicates (Figure 2a) sizable clogging
after 100–200 mL, especially at SS > 50 mg/L. At the same time, at low SS < 10 mg/L in
winter, the filtration rate drops down 20–30 times after 400–500 mL filtered (Figure 2a).
Clearer Bikin R. and Great Ussurka R. in summer diminished SS (8–30 mg/L), showing
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analogous filtration rate decline after 300–400 mL of sample. That is, clogging is inevitable
if using a 47 mm membrane with a 0.45 µm pore size. We used a tortuous-type Millipore
PVDF membrane, and clogging will be notably faster for the sieve-type membranes such
as Nucleopore [15,16].

The clogging leads to decreased effective pore size [14] and retention of coarse col-
loids <0.45 µm with chemical elements connected with them. Such retention has been
suggested as a reason for the decline of filterable Fe and Al concentration along with the
filtration process [15]. The response of filterable Fe to the clogging is most pronounced
compared with other metals (Figure 3), due to the dominance of Fe forms in the oxygenated
river waters as coarse (0.22–0.45 µm) ferrihydrite (FeOOH) colloids [7]. These coarse Fe-
oxyhydroxides colloidal particles do not show a direct association with DOC [11]. At the
same time, small (1–10 kDa) Fe-containing colloids show close linking with organic matter
and probably exist as Fe-organic complexes [13]. The response of filterable Al, and possibly
Ti and Pb, to the clogging indicates control of these metals by coarse colloids in the rivers
studied. The similar bearing of Fe and Al by predominantly inorganic Fe-oxyhydroxides
and clay colloids with possible stabilization by small organic colloids was reported for
other boreal rivers [7] in contrast to the tropical rivers where fine organic colloids control
colloidal forms of Al directly [37]. Ferrihydrite was discovered as a major Fe phase of coarse
colloids and clay aggregates—as the Al colloidal phase in Lena R. [38]. Flow field-flow
fractionation technique confirmed the domination of large colloids for Fe in the clean boreal
rivers in Canada, but Al was associated with small colloids or even ionic forms [18].

For the Y and REEs, the retention of coarse colloids with absorbed REEs at clogging
of the membrane seems the most logical explanation for the decrease in filterable REEs.
The decline is more pronounced for the Y and light REE (La-Ce group) compared with
heavy REEs (Dy, Er, Lu) (Figure 4b,c for Ce and Dy), which could be explained by the
stronger affinity of light REE to the particulates and colloids and the higher solubility of
heavy REEs [39].

More even distribution of Mn and Co by colloidal fractions of different sizes explains
a more gradual decrease at clogging (Figure 5). A gradual decrease in Mn and Co concen-
tration after filters 0.22 µm and ultrafilters 0.025 µm, 100 kD (0.006 µm), 10 kD (0.003 µm),
1 kD (0.001 µm) in the rivers of the White Sea basin [8] confirms this supposition.

The loss of filterable forms of Fe, Al, Ti, Y, REEs, and in some cases Mn and Co
after filtration of 0.5 L river water varied not only between metals and between rivers
(Figures 3–5) but also within the same river depending on the water regime (Figure 6).
Suspended solids (SS) content is the most obvious controlling factor of the clogging and
decrease in filterable forms of metals. In the Amur and Ussuri rivers, the share of losses
of 0.6–0.9 was observed at the SS at more than 50 mg/L and declined to 0.2–0.4 at the SS
below 30 mg/L. In the Razdolnaya R., share of losses for Fe and Al had a range of 0.6–0.9
regardless of SS content (Figure 6a,b). For Y and REEs, the share of losses in Razdolnaya
R. varied from 0.3 to 0.7 also irrespective of SS during the warm period, but losses were
below 0.1 in winter under ice. In the Amur and Ussuri rivers, losses for YREEs increased
from 0.1 to 0.3–0.7 with the growth of SS (Figure 6d,e for Ce and Dy). The most evident
control of the share of losses by SS was observed for Mn and Co: from the absence of loss
at SS less than 10 mg/L to 0.4–0.8 at more than 50 mg/L (Figure 6c,f). Fine grain size of
the suspended solids in the Razdolnaya R. is a probable reason for its enhanced ability to
block the membranes even at the low SS content compared with the Amur and Ussury
rivers. Elevated concentration of DOC in the Bikin R. can be an additional factor boosting
the appearance of small colloidal forms with Fe, Al, REEs passing through the clogged
membranes [7,13].
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Figure 6. Share of losses (Lclog) of filterable forms of metals due to clogging during filtration of 0.5 L
of Razdolnaya R. (�), Amur R. (♦), Ussuri R. (o) at the different contents of suspended solids (SS) for
the elements: (a) Fe; (b) Al; (c) Mn; (d) Ce; (e) Dy; (f) Co.

Despite the notable variability within the rivers, the range of metals by their share of
losses due to clogging during filtration of 0.5 L of river water is obvious (Figure 7a). For
the Y and REEs, the significant (by Mann–Kendall Z test) declining trend of the share of
losses from La to Lu was observed in all rivers studied (Figure 7b) in accordance with a
higher affinity of light REEs to the coarse colloids [39] more susceptible to the clogging.
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Figure 7. (a) Whisker-box plot (max, min, quartiles, med, mean) of the share of losses for the metals
susceptible to clogging. (b) Decline in the share of losses of REEs for the rivers studied.

4.2. Possible Influence of Clogging on the Assessment of River Water Quality

The concentration of the filterable forms of trace elements is a background for the
evaluation of water quality in many countries. Among the metals susceptible to clogging,
environmental quality standards (EQS) for the fresh waters are established for Al, Fe, Mn,
and in some countries for Co. The underestimation of filterable forms of these metals, taking
place at clogging of the membrane filters, can lead to a positive shift in the assessment
of water quality. It is difficult to assess the effect of clogging in general form since it is
necessary to know the volume of filtered water, which is usually approximately fixed in the
publications. We have compared the concentration of dissolved/colloidal forms <0.45 µm
without clogging influence (Ci from Table 2) and average concentration in all five 100 mL
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portions filtered (Cj from Table S2) with EQS in drinking water in terms of the number of
cases when the observed concentration exceeds EQS (Table 4).

Table 4. Exceedance of EQS for filterable forms of Al, Fe, Mn, and Co by concentration (µg/L) without
clogging influence (Ci) and after clogged membranes (C100–500).

Element EQS * Range of Ci Case of exceedance, % Range of C 100–500 Case of exceedance,%

Al 100 31–334 60 10–126 20
Fe 300 79–329 30 42–241 0
Mn 100 3–129 10 1–129 10
Co 4 ** 0.06–0.37 0 0.05–0.31 0

* Ecological quality standards (EQS) for drinking water [40]; ** from [41].

For Al and Fe, paying no attention to clogging influence leads to the ignoring of ex-
ceedance above EQS for 30–40% of the ten samples studied. Misjudgment of environmental
situations and problems is an obvious consequence. The influence of clogging on Mn does
not change the frequency of exceedance above EQS because a really high concentration
of Mn was observed in Razdolnaya R. in winter under the ice, probably due to flux from
the bottom sediments [23] and at the low suspended solids content with weak clogging
(Figures 2 and 5a). Clogging does not affect the assessment of water quality for Co because,
in any case, the observed concentration of filterable Co is notably less than most tough
environmental water standards (Table 4).

4.3. Influence of Clogging on the Concentration of Particulate Forms of Trace Elements

The clogging of membrane filters by coarse colloids, besides reducing the concentration
of some elements in the filtrates, leads to a corresponding increase in their concentration in
particulate material collected on the filters. The impact of this process on the determination
of particulate forms depends not only on the absolute value of the loss in the filtrates due
to clogging but also on the total amount of particulate forms in the water. The latter is
controlled, first, by suspended solids content and their chemical composition. Suspended
solids content (SS) is a major controlling factor with seasonal variability of two orders
of magnitude because seasonal variability of the chemical composition of the suspended
solids within one river does not exceed 20–30% as a rule [42].

Based on the decrease in the concentration in the filtrates during sequential filtration
(Figures 3–5), the amount of the elements retained on the membrane during clogging
was calculated. Comparison of this amount (Aclog) with the total concentration of sus-
pended/particulate forms (per volume basis) of the element after the acid digestion of the
membrane filters (Cp) assesses the effect of clogging on the concentration of suspended
forms of elements in river waters (Aclog/Cp). The result of such comparison is presented
in Table S2 for the chemical elements, showing a notable decrease and response to the
clogging during filtration through the membrane.

Two groups of elements can be distinguished by the influence of clogging on the
suspended forms on the membranes: (1) Al, Fe, Ti, Mn, Co, and (2) Y and REEs. For the
first group, absolute input due to clogging is directly dependent on the decline of filterable
forms, but a relative influence on the concentration of particulates is inversely dependent
on the suspended solids content. At the high suspended solids in river water (more than
50 mg/L), even pronounced clogging of Fe and Al cannot compose more than 3–8% in the
amount of particulate forms per volume basis. At the suspended solids below 30 mg/L,
the relative input of clogging to the particulates increases to 10–16%, and even to 25% for
Co in the Amur R. in winter at the SS content of 9 mg/L (Figure 8a). Among this group, Ti
shows a minimal share of clogging in the concentration of particulate forms: less than 6%.
No specific difference between rivers studied was observed for these metals.
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suspended solids content in river waters for the Fe, Al, Ti, Mn, Co; (b) the same for the Y and REEs.

The second group (Y and REEs) shows a different dependence on suspended matter
content (Figure 8b): the smallest share of clogging to the particulates of these metals (<10%)
is obtained at minimal SS (<10 mg/L) in winter under ice. The reason is diminished
initial concentration of Y and REEs and less pronounced decline due to slight clogging
in winter (Figure 4). Share of clogging 7–18% to the particulates of YREEs is typical for
rivers at the suspended solids broad range of 24–108 mg/L (Figure 8b). Bikin R. is an
exception, having elevated initial concentrations of Y and REEs compared with other
rivers and evident decreases due to clogging (Figure 4d–f) along with modest contents
of suspended solids (30 mg/L). Combining these factors leads to an increase in the share
of clogged Y and REEs in the concentration of suspended forms in Bikin R. to 23–39%
(Figure 8b). Elevated concentrations of DOC and filterable Fe is another feature of Bikin R.
(Tables 1 and 2), and unlike Razdolnaya R., the decrease in filterable Fe along with clogging
is more gradual (Figure 3d). This allows us to suppose that part of the Fe colloids in the
Bikin R. are presented by medium-sized organo-mineral fractions [11] retained by the
clogged membranes. These features control the distribution of Y and REEs in Bikin R.
as well.

5. Conclusions

Sequential filtration of river water with a suspended solids content of 5.2–270 mg/L
through the membrane filters reaffirmed significant clogging after more than 100–200 mL
of the water filtered, unlike the capsule filters that provided practical absence of clogging
at a volume of sample up to 2–3 L.

The concentrations of major ions, nitrates, DOC, and a range of trace elements (Ni, Cu,
Cd, As, Sr, Rb, Mo, Ba, V, Cr) do not show notable changes in the filtrates as filters become
clogged, indicating the prevalence of dissolved and/or small colloidal forms of migration
in the rivers studied for all of these components.

The concentrations of filterable forms of rare earth elements (REEs) and a number
of low soluble elements (Y, Zr, Hf) decrease by 30–70% as the filtrate volume increases
up to 500 mL and the suspended solids amount exceeds 20–30 mg/L. This indicates the
existence of a notable part of these elements in the form of coarse colloids. At the same
time, in winter, at the low suspended solids, the influence of clogging on YREEs declines to
negligible.

Clogging has the most significant effect on the concentration-filterable Fe, Al, Ti, and
Pb, which after 200 mL are reduced by 60–90%. This confirms the dominance of coarse
colloidal particles of Fe hydroxides and clay minerals in the pool of dissolved and colloidal
forms of these metals in the rivers studied.

The concentrations of Mn and in part Co in the filtrates decrease gradually along with
clogging, which corresponds to more even distribution of these metals across colloidal
fractions of different sizes.
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Content and grain size of suspended solids are the major factors controlling the
clogging itself, but influence on the determination of filterable Fe, Al, Ti, Pb, Mn, and
YREEs also depends on the concentration of the dissolved and colloidal forms of these
metals, and probably DOC, in the river waters.

Th effects of the membranes clogging during filtration of 400–500 mL of river water
lead to the underestimation of filterable forms of Fe, Al, Mn, Co, YREEs, and some other
low soluble metals in boreal rivers at the suspended solids of more than 20–30 mg/L.
Therefore, a shift in the assessment of water quality by Fe, Al, Mn is possible.

The influence of clogging on the determination of particulate forms depends both on
the quantity of filterable forms lost during filtration and on the amount of suspended solids
accumulated on the membranes. A relative surplus of particulate forms of Fe, Al, Mn,
Co on the clogged membranes reaches 10–25% at the content of suspended solids below
30 mg/L and falls to 3–8% for the suspended solids more than 50 mg/L. For the Y and
REEs, the clogging effect on the particulates is controlled more by the decrease in filterable
forms during filtration, which in turn depends on the initial concentration in river water.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min12060773/s1, Table S1: Concentration of chemical elements
in filtrates after capsules GWV, and successive filtration through Millipore membranes 100, 200, 300,
400, and 500 mL of river water; Table S2: Concentration of dissolved/colloidal forms < 0.45 µm (Cj),
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